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Die Struktur des Knochenmaterials ist während des gesamten Lebens dynami-
schen Prozessen unterworfen, die es stetig modifizieren. Diese Prozesse sind zum
einen der Umbauprozess, in welchem existierendes Material entfernt und durch neu-
es, vorerst weiches ersetzt wird. Und zum anderen der Mineralisierungsprozess, bei
dem Mineralien eingelagert werden und somit die Steifigkeit des weichen Materials
erhöht wird. Diese zwei Prozesse führen zu einem heterogenen Knochenmaterial. Das
komplexe Zusammenspiel kann durch Knochenkrankheiten beeinflusst werden und
zu einem mechanischen Versagen des Materials führen. Wie viel Einfluss dabei al-
lein dem Umbauprozess und demMineralisierungsprozess zuzuschreiben sind, konnte
bislang nicht geklärt werden. Während der Umbauprozess mechanisch kontrolliert
ist, ist wenig bekannt wie mechanische Stimuli die Mineralisierung beeinflussen.
An diese Fragestellungen wird in der vorliegenden Dissertation mit physikalischen
und numerischen Methoden herangegangen.
Das heterogene Material ist das Ergebnis des Mineralisierungs- und Umbauprozesses
und wird abkürzend BMDD (für bone mineralization density distribution) genannt.
Die BMDD ist für alle gesunden Erwachsenen gleich und weicht bei Knochenkrank-
heiten von dieser gesunden Referenzkurve ab. Die BMDD wurde zuerst entfaltet,
um etwaige Verbreiterungen, hervorgerufen durch den Messprozess, ausschließen zu
können. Das Ergebnis ist eine leicht schmalere Kurve. Im nächsten Schritt wurde
ein bestehendes mathematisches Model so erweitert, dass der Einfluss einer erhöhten
bzw. reduzierten Mineralisierungskinetik auf die BMDD untersucht werden konnte.
Die Simulationen ergaben dabei, dass eine Verschiebung der BMDD zu niedrigerem
Mineralgehalt im Knochen nicht nur durch eine erhöhte Umbaurate erreicht werden
kann, sondern auch durch eine reduzierte Mineralisierungskinetik. Umgekehrt wird
eine Verschiebung zu höheren Mineralgehalten dadurch erreicht, dass die Minera-
lisierungskinetik erhöht oder die Umbaurate reduziert wird. Der Unterschied der
beiden Prozesse liegt bei einer Verschiebung zu niedrigeren Mineralgehalten in der
Übergangsphase, während sich bei einer Verschiebung zu höheren Mineralgehalten
der Gleichgewichtszustand des Knochens unterscheidet.
Durch die neuartige Auswertung von drei-dimensionalen in vivo Mikro-Computerto-
mographieaufnahmen (mikro-CT), wurde der Einfluss von mechanischer Belastung
auf die Mineralisierung des Knochens erforscht. Auf der Basis dieser Daten konnte
zusätzlich zum Einfluss der mechanischen Belastung auf die Mineralisierung, auch
die Mineralisierung in den einzelnen Bereichen in vivo im Knochen quantifiziert
werden. Die Auswertung der mikro-CT-Aufnahmen bestätigte, die schnellere Mine-
ralisierung im neugeformten und die langsamere in bereits vorhandenem Knochen.
Es konnte gezeigt werden, dass mechanische Stimulation die Mineralisierung im Kno-
chen beschleunigt. Außerdem wurde erstmals in vivo gezeigt, dass abgebauter Kno-
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chen entmineralisiert, bevor er vollständig abgebaut wird.
Wie der Umbauprozess im kompakten Knochen gesteuert sein kann, wurde mit Hil-
fe eines Algorithmus quantifiziert. Mit diesem wurden zwei-dimensionale Bilder er-
zeugt, in die nach und nach Knochenbausteine eingesetzt wurden. Die Bilder wurden
mittels Berechnung der Autokorrelationsfunktion ausgewertet und mit den experi-
mentellen Daten verglichen. Die Anordnung der Knochenbausteine ließ sich beschrei-
ben, indem es für einen Knochenbaustein verboten war innerhalb einer definierten
Zone eines anderen Bausteins gebildet zu werden. Diese Zone ließ sich am besten
durch einen normalverteilten Radius, mit einer dazugehörigen Variabilität beschrei-
ben.
In der vorliegenden Arbeit konnten die Mineralisierung und der Umbauprozess ge-
trennt voneinander betrachtet und quantifiziert werden. Mittels Computersimulatio-
nen wurden die beiden Prozesse so verändert, dass deren Einfluss auf den Knochen
besser verstanden bzw. unterschieden werden kann.
Abstract
Bone material structure is the result of the interplay of two dynamic processes
known as remodeling and mineralization. Remodeling is the process during which
existing bone is replaced by new, initially soft material. Mineralization on the other
hand is the process during which stiff mineral particles are incorporated into the soft
material. The complex interplay between these processes influences the performance
of bone throughout life and results in a heterogeneous material. This interplay can be
perturbed by bone diseases, which can lead to material failure. However, it remains
unclear to which degree each of these two processes contributes during diseases. Ad-
ditionally, while the remodeling process is known to be mechanically controlled, it
is unclear how mechanical stimuli affect the mineralization process.
The heterogeneous mineral distribution in trabecular bone is the result of the com-
plex interplay between the mineralization and the remodeling process and is called
bone mineralization density distribution (BMDD). The BMDD is similar for all
healthy adult humans. A deviation from this healthy distribution is indicative of
bone diseases. The influence of the measuring process on the distribution is first
quantified by deconvolution of the BMDD, revealing a narrower distribution. Sub-
sequently, a mathematical model is modified in such a way that the influence of an
increased or decreased mineralization kinetics on the BMDD can be characterized.
In the simulations, it is demonstrated that a shift of the mineral distribution to lower
mineral contents can be achieved not only by an increase in the remodeling process,
but also by a reduction in the mineralization kinetics. In the steady state, the re-
sulting distributions are almost indistinguishable while differences occur during the
transition phase. For a shift to higher mineral contents, the situation is reversed.
The time evolution of the distributions has a very similar behavior, whereas the final
steady state is different.
The influence of mechanical stimuli on the mineralization is investigated by a novel
three-dimensional analysis of in vivo micro-computed tomography images (micro-
CT) of the vertebra in a mouse tail. It was shown that mechanical stimulation
accelerates mineralization in the non-remodeled bone and it is possible to quantify
the rapid mineralization of newly formed bone compared to non-remodeled bone.
For the first time it could be shown that the bone is demineralized before it is com-
pletely resorbed.
An algorithm was developed to understand how the remodeling process can be in-
fluenced in the compact bone of horses. This algorithm produces images which are
gradually filled with specific building blocks. The image is evaluated by calculating
the autocorrelation function, which is then compared to the experimental data. The
arrangement of the building blocks could be described when such a block could only
be placed within a defined zone of another building block. This zone could be best
viii
quantified when its radius was normally distributed with a corresponding standard
deviation.
The present work attempts to better understand the mineralization and remodeling
processes in bone using computer modeling. These processes could be influenced
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BMDD Bone mineralization density distribution
qBEI quantitative backscattered electron imaging
BMDD parameters
CaPeak Most frequent calcium content
CaMean Mean calcium content
CaWidth Full width at half maximum (FWHM)
CaStd Standard deviation of calcium content)
Deconvolution of the BMDD, section 3.1
g measured BMDD
f deconvolved ’true’ BMDD
A matrix relating f and g
λ regularization parameter
BMDD model with modified mineralization kinetics, section 3.3
ta time of formation of a bone packet given in years
t time given in years
m(t− ta) healthy mineralization law
v(t− ta) healthy mineralization velocity
g parameter scaling the mineralization velocity
h(t) introduced function to change the mineralization law with time
tch Effective time describes how fast h(t) changes
M(t, t− ta) mineralization law depending on t− ta and time t
Mineralization process in vivo, chapter 4
micro-CT micro-computed tomography
GL gray level
mg HA/cm3 unit of mineral content given in
mg of hydroxyapatite (HA) per cubic volume
Spatial arrangement of osteons, chapter 5
Rca Haversian canal radius of one osteon
Rexcl exclusion radius
ACF auto correlation function
SDD shortest distance distribution
1 Introduction
The human skeleton protects vital organs and mechanically supports the stature and the
locomotion of the living organism throughout life [1, 2]. This remarkable performance of
bone is on the one hand due to the hierarchical organization of the bone tissue from the
macrometer down to the nanometer scale, and on the other hand its ability as a living
tissue to adapt its structure to external stimuli [3, 4]. This adaptation of bone structure
is largely determined through the interplay of two interconnected processes, known as
remodeling and mineralization. Remodeling is the process during which existing bone
material is replaced by newly formed, initially soft bone material [5]. Mineralization,
however, is the process during which the soft bone material is reinforced by the incorpo-
ration of stiff mineral particles [2]. The complex interplay of these processes influences
the performance of bone throughout life and results in a heterogeneous material [6]. The
delicately balanced relationship between bone remodeling and mineralization can be per-
turbed by bone diseases, such as osteoporosis, often leading to an increased likelihood
of fracture [7, 8]. Drug treatments against diseases can increase the material quality.
However, it remains unclear to which degree each process contributes in the healthy
or the diseased case. A proper understanding of the underlying physics which lead to
deviations from the healthy state is needed in order to optimize the treatment and medi-
cation against bone diseases and further, to be able to evaluate their effectiveness. Most
experiments are static snapshots of the bone that do not capture the development of
bone over time. Computer simulations, on the other hand, can be used to predict such
deviations for each process of remodeling and mineralization separately, and can thus
provide vital support for interpretation of experimental results. Therefore, the minera-
lization and the remodeling process are studied with mathematical and numerical tools
in this thesis by considering the bone at the micrometer level.
The mineralization process is a main contributor to the stability of the bone material
since it stiffens by the incorporation of mineral [9]. Together with the remodeling these
two processes lead to a bone material, which is heterogeneous in mineral content. The
heterogeneity could be quantified by mineral distributions, which turned out to be sim-
ilar in healthy adult humans. A deviation from this healthy distribution is indicative
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of bone diseases such as osteoporosis, which is, amongst other things, characterized by
a reduced mineral content. Such deviations from the healthy mineral distribution are
measurable and diagnostic for specific bone diseases [6]. It is known that a shift towards
lower mineral content can be achieved by an increase in bone remodeling. The conse-
quence of changing the mineralization process on the mineral distribution, however, is
not known. In order to investigate such deviations in silico in this thesis, the influence
of the measuring process on the distribution is first quantified by deconvolution of the
mineral distribution, to exclude measurement artifacts. The deconvolved distribution is
used as input in a mathematical model that describes the influence of an altered remod-
eling process (but healthy mineralization) on mineral distribution [10]. This model is
modified such that an increased or decreased mineralization can be characterized. The
aim is to find out whether a change in the mineralization process acts differently on the
mineral distribution than a change in the remodeling process and which consequences
would follow from this study for the diagnosis of bone diseases.
To distinguish between the effects of bone remodeling and mineralization separately a
detailed knowledge about the kinetics of both processes is essential. However, obtaining
experimental evidence about the mineralization kinetics in bone in vivo is still lacking.
Moreover, while the remodeling process is known to be mechanically controlled, it is
unclear how mechanical stimuli affect the mineralization process. Therefore, the rela-
tively new technique in vivo micro-computed tomography (micro-CT) is applied, which
allows not only detecting the architecture of trabecular bone in vivo [11] but also to get
information about its mineral content [12] over distinct time intervals. The advantage
of this method is that in small animals the same bone can be examined over time reduc-
ing enormously the amount of animals needed. Usually lots of animals are sacrificed to
obtain a time series of the investigated quantity. A disadvantage is, however, that this
method is not yet applicable for humans due to the restricted size of the samples. A time
series of three-dimensional images was provided, which were taken from a vertebra in a
mouse tail [13]. With the provided data, not only the mineralization can be followed but
also the influence of the mechanical stimuli on the mineralization process can be studied.
The proposed evaluation aims to quantify the mineralization process in the bone with
time.
In the third and last part, the aim was to understand how the remodeling process can
be influenced in the compact bone. Compact bone is the bone that is found in the mid
shaft of long bones such as the thigh bone. The long bones in, e.g. our legs, carry our
weight every day without fracturing. In order to study the remodeling process in the
compact bone, the arrangement of its basic building blocks on the micrometer scale is
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investigated by using light microscopy images of horse bones. An algorithm was devel-
oped to quantify the arrangement of these building blocks. The simulated images are
compared to the experimental images. Furthermore, the ordering is related to a more
physiological meaning which should quantify the nutrient supply of bone cells embedded
in the bone tissue. These cells have presumably crucial functions, e.g. controlling bone
remodeling.
In order to understand the present work, first the background of this thesis is given,
where the current knowledge about bone and its features are described. In chapter 3
the heterogeneous mineral distribution is studied, by showing first how it is deconvolved
and second how an decreased/increased mineralization kinetic can be simulated and
compared to changes in the remodeling rate. In chapter 4 the analysis of the micro-CT
images is presented in order to quantify the mineralization process in vivo. In the last
chapter 5 the algorithm is introduced to quantify the arrangement of the building blocks
in cortical bone. Finally a short conclusion is given summarizing the results.
Bone mineralization and remodeling are complex and dynamic processes; however, it
is important to understand these mechanisms as they have strong relevance to bone
diseases. This work lends credence to the idea that computer modeling is a powerful
tool for investigating these complex processes and even more powerful tool when used
in cooperation with experimental data.

2 Background
Bone is a multifunctional organ which can also be considered as a biological material.
It is composed of a soft protein matrix, mineral particles and water. The term bone
material used in the following refers to the highly specialized type of dense connective
tissue of its constituents. Since changes in the bone material are studied in section 3.3,
the complex organization of the bone composite is explained before. In the first section
the hierarchical structure of bone is presented in order to show the different structural
motifs of trabecular and cortical bone. In the following sections, an overview of the
current understanding of the remodeling and the mineralization process (section 2.2.1
and 2.2.2, respectively) is presented together with theoretical and computational models
which are used to understand the relation between the structural adaptation and the
dynamic processes in bone (section 2.2.3). The influence of a change in the remodeling
and the mineralization process on trabecular bone is investigated in sections 3 and 4.
In the following section the bone mineralization density distribution (BMDD) is pre-
sented which is used as quantity to compare simulation and experiment (chapter 3).
How the BMDD is measured and characterized is shown in detail in section 2.3.1. A
mathematical model which describes the time evolution of the BMDD [14] is also pre-
sented. This model will be extended in section 3.3 to consider also dysfunctions of the
mineralization process.
In the last two sections (2.4.1 and 2.4.2), experimental data are described which were
kindly provided from cooperation partners. With the provided micro-computed tomog-
raphy images the mineralization process is investigated in vivo. Finally light-microscopy
images of the cortical bone of horses are used to study the remodeling process.
2.1 Bone as a material
Bone is hierarchically structured, i.e. going from the centimeter down to the nanometer
scale bone shows at each level different structural motifs [3, 1, 15, 9, 2]. The motifs in
one level provide the building blocks for the superior level.
In this thesis the two different bone types are investigated which can be distinguished
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at a centimeter level, see longitudinal cut of a long bone in Figure 2.1A. One is called
cortical bone which is the solid tissue of low porosity, found in the mid-shaft of the long
bone. The second type is found in the broad ends of the long bones. There the cortical
shell becomes thinner which surrounds a complex three-dimensional structure, called
trabecular bone. Trabecular bone is investigated regarding the mineralization process
(see section 2.2.2) in the chapters 3 and 4. Cortical bone and the arrangement of its
building blocks, the osteons, is the topic in the last chapter of this thesis.
Trabecular bone is a complex sponge-like structure, see Figure 2.1A. Its porosity is about
80%. The structure consists of struts that can be rod- or plate-like [16] being about 100-
300 µm thick and roughly 1 mm long [17], see Figure 2.1B right, obtained by scanning
electron microscopy. A single strut consists of bone packets made of lamellar bone [18].
The bone packets are the basic building blocks of trabecular bone, approximately 50
µm thick, several hundred µm long and aligned approximately with the shape of the
trabecular [19]. In the right Figure 2.1C a cross section of one strut is presented showing
the different bone packets. Each bone packet has a different gray level which corresponds
to a different mineral content. Bright gray represents a high amount, darker gray a low
amount of mineral in the bone packet [20]. The differences in mineral content are the
result of the remodeling and the mineralization process (see following sections).
Cortical bone is much denser (porosity of about 6%) than trabecular bone [2]. A typical
feature of the cortical bone are its cylindrically shaped building blocks which are called
osteons. A cross section through the cortical bone of a long horse bone shows the
arrangement of osteons in Figure 2.1B (light microscopy). In three dimensions the
osteons are approximately cylindrically shaped which a diameter of about 200-250 µm,
as shown by the scheme in Figure 2.1C left. Their long axis runs approximately parallel
to the long axis of the bone. The black circle marks a canal, the so-called Haversian canal,
which remains free for nerves and a blood vessel. The black dots in the image mark the
cavities of bone cells which are called osteocytes. All the osteocytes are interconntected
by small channels called canaliculi building a network that intersperses the bone. The
Haversian canals together with small pits housing bone cells which are interconnected by
gap junctions, are the voids which are responsible for the low porosity of cortical bone
[2]. The osteocytes probably sense the mechanical deformation of bone and therefore
play an important role in the adaptation process of bone (see below). To maintain the
network between them, the cells have to be well supplied with nutrients. In chapter 5
an algorithm is presented with which the arrangement of osteons can be quantified and
related to nutrient supply in cortical bone.
The bone packets in trabecular and the osteons in cortical bone are made of lamellar
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Figure 2.1: Hierarchical structure of bone. A: Cross-section through a long bone (prox-
imal femur) showing cortical and trabecular bone. B left image: Zoom of
the cross section of cortical bone shows the arrangement of osteons (courtesy
of Ron Shahar). C left: Sketch of one cylindrically shaped osteon. In the
middle a canal for the blood vessel and nerves remains free. The white spots
show the osteocytes which are connected to each other (courtesy of M. Ker-
schnitzki). B right: Cross-section of the trabecular structure. C right image:
arrangement of bone packets with different mineral content, represented by
different gray values (from [9] with permission).
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bone. Lamellar bone consists of sub-layers each consisting of parallel arranged fibers
[3, 21]. The thickness of a lamella is approximately 5-7 µm [18] and the diameter of each
fiber is about 1µm [15]. The fibers in lamellae are made of collagen fibers reinforced
with calcium phosphate particles. It was found with transmission and scanning electron
microscopy that the fiber direction spirals around an axis perpendicular to the layer
[22]. The bone packets in human trabecular bone reveal a different arrangement than
in cortical bone. The mineral particles, as measured with small-angle X-ray scattering
Figure 2.2: Periodical arrangement of the collagen molecules. A: The triple helix of the
collagen molecules is indicated by the differently colored chains (image of a
collagen molecule was kindly provided by N. Timofeeva). The molecules are
periodically arranged in a staggered manner with the period D which is the
overlap plus the gap regions. B: Array of molecules showing that one out of
five molecules is missing in the gap regions.
[23, 24], are arranged parallel to a common direction instead of rotating around one axis.
The fibers in the lamellae are a composite of a protein matrix, mainly collagen, mineral
particles and water. The collagen molecules are arranged in a staggered manner [25].
The staggering leads to gaps and overlap regions which are arranged periodically with a
period of D = 67 nm [25](Figure 2.2). The gap zones are probably the spots where the
mineralization of the collagen matrix starts [26, 27]. The mineral particles are a version
of calcium phosphate whose unit cell contains hydroxyapatite (Ca5(PO4)3(OH)). The
formed crystals can contain impurities, e.g. phosphate ions (PO3−4 ) are often replaced
by carbonate groups (CO2−3 ), therefore the mineral in bone is often called carbonated
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hydroxyapatite [28]. The mineralized collagen fibrils consist of an array of approximately
300 nm long and 1.5 nm thick triple helical collagen molecules. Measurements with small-
angle X-ray scattering (SAXS) revealed size, shape and distribution of the crystals in
the bone [29]. They are roughly 3 nm thick and 30 nm long [30] and mostly in alignment
with the collagen fibrils [9]. 90% of the organic matrix is the structural protein collagen
type I. The missing 10% are non-collageneous proteins, which probably play a role in
controling the mineralization process [31].
Material properties of bone
The combination of the soft and tough collagen (E ≈ 1.5 GPa [32]) with the stiff and
brittle mineral (Young’s modulus E ≈ 114 GPa [32]) gives the bone the ability to be
stiff enough to lift weights, i.e. not to deform under loads, and to be loaded without
fracturing [33]. A model for the stiffness of the composite material bone at the nano-scale
was developed by Jäger and Fratzl [34]. It estimates how the stiffness of bone depends
on the staggered arrangement of the stiff mineral platelets embedded in the soft protein
matrix. Under applied tensile load most of the load is carried by the mineral platelets
by tensile stresses while the protein layer transfers the stress between the platelets via
shear [35].
Not only that the bone combines this remarkable properties bone is also able to adapt
to its environment. The orientation in the trabeculae, indicated by the lines in the
small sketch in Figure 2.1A led to the assumption that there exists an adaptive process
of bone to external mechanical stimuli [36]. The structural adaptation to mechanical
stimuli was first proposed in the 19th century. The paradigm that bone is formed and
resorbed where there is a mechanical need became known as the Wolff-Roux law [37, 38].
More information about the theory of structural adaptation is given in section 2.2.3. The
mechanism which allows bone to adapt to its mechanical environment and to maintain
the material properties are the remodeling and the mineralization process which are
explained in the following sections.
2.2 Dynamic processes in bone
2.2.1 Bone remodeling
During bone remodeling discrete packets of bone are removed and replaced [5], (see
Figure 2.3). This process is going on throughout life and is carried out by a complex
interplay between specialized bone cells.
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The remodeling process probably exists for structural and metabolic reasons. On the
one hand it provides a mechanism to adapt to the external mechanical stimuli, to repair
micro fractures and fatigue damages that appear after repetitive cycles of mechanical
loading [39, 40]. On the other hand the skeleton is the largest calcium reservoir in
the body and the remodeling process preserves the balance of minerals in the body.
This so-called calcium homeostasis is regulated by reducing or increasing the amount of
minerals in the surrounding fluid [39]. Although the remodeling process is not the only
way the mineral exchange can occur [41, 42, 43, 44] it is presumably the main contributor.
The homeostasis is independent of the site where the bone is remodeled as long as the
mechanical performance is maintained. The repair of micro-damaged bone is obviously
site-dependent and also the adaptation to mechanical stimuli is not random but driven to
reinforce weak sites in the bone. These observations led to the suggestions of two kinds
of bone remodeling: one being stochastic, in the sense of being not site-dependent which
is called non-targeted remodeling and the second that it is targeted toward specific sites
[45, 46, 47, 48, 39]. However, how the bone cells know what they have to do is unknown.
In the following the remodeling process is explained in trabecular bone together with
the terms used in the mathematical model in section 2.3.3. Additionally the remodeling
process is explained for cortical bone since this process is investigated with respect to
the nutrient supply of the bone in the last chapter of the thesis (see chapter 5).
On the surface of a trabecular strut cells are activated to turn into resorbing cells,
the so-called osteoclasts [49]. At this site they start to remove bone by building an
acidic environment and probably dissolve first the mineral and then digest the collagen
[50, 49, 51]. The osteoclasts create a resorption lacuna within 2-4 weeks. After resorption
the bone forming cells, the osteoblasts, are activated [52]. The time period of this
recruitment is termed quiescent period and takes roughly 1-2 weeks [52]. The osteoblast
refill the lacuna with (lamellar) bone [53] which takes roughly 2-6 month [52, 54]. The
new deposited bone starts to mineralize during the mineralization process, where mineral
is incorporated in the collagen matrix (see section 2.2.2).
When cells participating in the remodeling process are acting in a coupled manner,
i.e. resorption being followed by formation, they are named the basic multicellular
unit (BMU) [55]. The product of the work of a BMU is called bone structural unit
(BSU) which corresponds to the bone packet in trabecular and to the osteon in cortical
bone. The time the BMUs need to remodel a volume of bone which is equal to the
actual trabecular bone volume is called turnover time. In humans this turnover time is
approximately 5 years [56].
In healthy individuals equal volumes are removed and formed during the remodeling
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process. Roughly 106 active BMUs first resorb and then form bone simultaneously in
the human skeleton [54]. The so-called remodeling space, which includes the volume of
resorbing and forming cavities, varies with the number of active BMUs [57]. The amount
of active BMUs increases from age 35 to age 60 which leads to a decrease of bone volume
[58]. Lack of hormones after menopause further increases the number of BMUs and the
loss of bone is even more drastic. Such an increase in BMUs is also called increased
turnover, analogously decreased turnover for a decreased number of BMUs. The loss
Figure 2.3: Left, the network of trabecular bone inside a human vertebra. Right,
schematic zoom on one trabecula (strut). The trabecula consists of pack-
ets with different mineral content. This material heterogeneity is the re-
sult of bone remodeling and mineralization. During remodeling, a packet of
old bone is resorbed from the surface by osteoclasts and new unmineralized
bone is deposited by osteoblasts. (From [59] with permission from Springer
Science.)
of bone observed during osteoporosis is induced by an increased turnover scenario [60].
In the literature the increased loss of bone is also referred to as the extension of the
remodeling space [61, 62].
In cortical bone the osteoclasts drill a canal through the cortex [53]. The drilled canal
is shaped like a cone, the so-called cutting cone with active osteoclasts at its tip. The
osteoblasts refill the cone by producing collagen which is deposited in concentric layers as
bone lamellae. The deposition continues until a small canal for the blood vessel remains
in the middle [53]. Some osteoblasts are buried in the lamellae and form osteocytes [63]
which are connected to each other by little channels, called canaliculi. The dense network
of osteocytes reflects the orientation of the collagen [64]. The osteocytes probably sense
mechanical stimuli [65, 66], transfer it to the environment and control the remodeling
process [67]. To fulfill this task they have to be well supplied with nutrients. How the
cortical bone manages to keep the osteocytes alive is investigated by quantifying the
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arrangement of osteons in the cortical bone of horses in section 5.
2.2.2 Bone mineralization
The mineralization process starts after deposition of new bone. The mineralization pro-
cess leads to a stiffening of the soft collagen matrix. The amount of mineral is beside the
material properties of the organic matrix one important determinant that contributes
to the stiffness of the bone material [9]. The influence of a disturbed mineralization
process on the bone material is studied in section 3.3 and how the mineralization can
be measured in vivo is presented in section 4. Therefore the mineralization process is
described in more detail in the following.
The current understanding of the initial steps which lead to the mineralization of the
new deposited collagen is that mineral clusters are formed in the surrounding fluid and
are believed to bind to distinct regions in the collagen matrix [68]. In in vitro studies it
was demonstrated that this binding is the result of electrostatic interaction between the
positively charged gaps and the negatively charged clusters. Once arrived in the ma-
trix, the clusters diffuse through its fibrils [69] and solidify into an amorphous mineral
phase with the help of the collagen [70]. Later the amorphous phase crystallizes into
carbonated hydroxyapatite1 [68]. This mechanism is possibly similar in vivo since the
amorphous mineral phase is found in zebra fish fin bones [71, 72] and in tooth enamel
[73]. An alternative theory is that, ions from the surrounding fluid could ’travel’ through
bone forming cells which place them at the final deposition site in the bone [74, 75]. Yet
the ongoing processes in the cell are unknown.
Most organisms (invertebrates) use calcium carbonate2, not apatite [76]. Why apatite
is used to mineralize vertebrates is unknown [77]. It presumably suits the functional
demand, like for example in teeth dentin where apatite platelets are tightly controlled
to match and redistribute chewing forces [78]. A different orientation is also observed at
the bone/cartilage interface (e.g. intervertebral disk and vertebra). The mineral parti-
cles are aligned perpendicular to the interface in the cartilage and parallel to it in bone
suggesting a mechanical role for the two elastically different materials [79]. Recently it
was found in the mandible of a crayfish that apatite oriented normal to the surface covers
a softer base which is reinforced with amorphous calcium carbonate and phosphate [80].
The combination of apatite and amorphous minerals in this animal leads to a hardness
profile similar to mammalian teeth.
In bone approximately 70% of the total mineral content of a bone packet is reached in
1Hydroxyaptite: Ca5(PO4)3(OH)
2Calcium carbonate: CaCO3
2.2 Dynamic processes in bone 13
the first days to weeks. In the following months the crystals grow and the bone packets
increase further their mineral content [81]. The fast increase in mineral content followed
by slower increase is known as primary and secondary mineralization and was quantified
by a mineralization law [14]. The mineralization law relates the mineral content of a
bone packet to its age (see also Figure 2.6 in section 2.3.3). In young bone the increase
in calcium is large, while in older bone packets it is much slower.
The mineralization process can be disturbed during bone diseases such as osteomalacia3
which reveals a decreased amount of mineral while the collagen matrix is believed to
remain unchanged [82] and/or the amount of collagen is slightly increased [5]. In osteo-
genesis imperfecta4 the mineral crystals become thinner and less well aligned with age
(as shown in a mouse model). These changes of the crystal presumably contribute to
the brittleness of the bone, as measured with small angle X-ray scattering and quan-
titative backscattered electron imaging (qBEI) [83, 84]. Osteoporosis is mostly related
to an increased turnover scenario which leads to a less mineralized bone [6]. Recently
it was shown (with qBEI) that the osteoporotic bone material reveals a large variety
of differently mineralized areas at fracture sites [85]. How the mineralization process is
disturbed during osteoporosis is not well known [8].
Drugs against osteoporosis can influence the remodeling and/or the mineralization pro-
cess. A relatively new drug against osteoporosis is Strontium ranelate. This drug proba-
bly decreases the bone turnover and during the mineralization process 5% of the calcium
atoms are substiuted by the larger strontium atoms [86]. Strontium has a larger atomic
number than calicum. In backscattered electron imaging more electrons are backscat-
tered from the Sr atoms than from the Ca atoms which leads to a ’brighter image’(see
section 2.3.1). It seems that the collagen matrix is filled faster with mineral simply
because the strontium is embedded in the matrix. Yet the kinetics of the mineralization
process in the matrix is unchanged, i.e. the thickness and length of the mineral platelets
are not affected during the treatment [87].
In section 2.3.1 methods are presented which can be used to quantify the spatial hetero-
geneity of the mineral content in trabecular bone.
2.2.3 Theories and computer models of dynamic processes in bone
Until now it is widely accepted that the structure of trabecular bone is the result of a
load adaptive process. A quantitative formulation in terms of mathematical laws that
relate the remodeling and the mineralization process to local stress and strain is still
3Osteomalacia is called rickets in children and is related to softening and deformation of the bone.
4OI leads to a stiffening of the skeleton and is known as brittle bone disease
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missing. Yet many attempts have been made to quantify these processes in trabecular
bone by assuming such remodeling rules and simulate the pattern formation of a homo-
geneous material [88, 89, 90, 91].
The first qualitative formulation of structural adaptation to mechanical stimuli was first
proposed in the 19th century [37, 38]. The paradigm that bone is formed where me-
chanically need and resorbed where there is no need became known as the Wolff-Roux
law [37, 38]. Further, Thompson pointed out that a "condition of strain [...] is a direct
stimulus to growth" [92]. Based on these ideas Frost introduced a minimum effective
strain threshold, which must be reached before bone adaptation starts. He called the
mechanically controlled feedback loop a ’mechanostat’ [93]. The question to be asked
is how the mechanical control of the adaptation can be implemented in the biological
system bone [94].
In most of the presented models in literature, the architecture of trabecular bone is
simulated by application of external loading on the bone and considering different local
control rules by mechanosensing cells [88, 95, 96, 97]. The implemented control rules in-
ducing bone remodeling follow the idea of Frost’s mechanostat. This means remodeling
is considered as active over and inactive below a chosen threshold value which is given
by simulated strain or stress values. The outcome of such a study is a loose agreement of
the orientation of the evolving architecture and the orientation of the externally applied
forces when a homogeneous material is assumed [88]. The mechanical stimulus is besides
biochemical reactions, not the only influence on the cells. Introducing probabilities for
bone deposition and bone resorption seems appropriate to consider the different influ-
ences [90, 91, 98]. In the simulations the trabecular architecture changed by losing struts
and by thickening of the remaining ones [90, 91].
In the previous mentioned studies the mineral content plays only a minor role, although
it is a main contributor to the stiffness of the bone material [9]. A relatively new tech-
nique is micro-computed tomography (micro-CT)(see also section 2.4.1) which allows
not only detecting the architecture of trabecular bone in vivo [11] but also to get infor-
mation about its mineral content [12]. This technique is combined with finite element
analysis to relate the mineral content to the corresponding stress and strain values in
the trabecular architecture [99].
With time not only the architecture of the bone changes but also the material due to
the mineralization process. A mathematical quantification of this process in trabecular
bone was found only recently. The relation between the age and the mineral content of
a bone packet in trabecular bone became known as the mineralization law [14]. This law
is the outcome of a continuity equation that relates the remodeling and the mineraliza-
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tion process at a material level. The model could validate the outcome of a treatment
against osteoporosis [10]. Considering the mineralization law together with stochastic
remodeling rules in a simulation resulted in a mineral distribution that could successfully
compared to experimental results [98]. In the following it is explained how this mineral
distribution is measured together with the mathematical formulation of the model since
it is used in section 3.3.
2.3 Quantification of the dynamic processes in trabecular bone
2.3.1 Quantitative backscattered electron imaging (qBEI) on human
trabecular bone
The different mineral contents of the bone packets in trabecular bone are experimentally
accessible by quantitative micro radiography (qMR) [100, 101, 102], synchrotron radi-
ation micro-computed tomography (SRµCT) [103, 104] and quantitative backscattered
electron imaging (qBEI) using a scanning electron microscope [105, 106, 107, 108, 109].
All these methods are invasive and require bone biopsies or autopsies5. In qMR the
two-dimensional bone samples are usually 100 µm thick and are irradiated with a soft
X-ray beam which is absorbed by the bone sample. The heterogeneity is evaluated by
measuring the distribution of the X-ray attenuation in the pixels of the microradiograph
within the plane of a bone sample. The resolution of qMR is around 2.6 µm. But due
to the relatively thick samples artifacts occur coming from projection errors [110]. In
SRµCT, monochromatic X-ray beams from a synchrotron source are transmitted through
a three-dimensional bone sample. Due to the monochromaticity of the beam a direct
conversion from the attenuation coefficient, represented by gray levels in the image, to
mineral content is possible. This method is rather new and continuously developed in
the last years. Its resolution increased from 10 µm [111, 112, 113] to 1.4 µm [103, 104].
The drawback of this method is the rather small sample size (2× 2× 2 mm3 at most).
With a resolution down to 1 µm, qBEI is the best validated approach to quantify the
mineral heterogeneity of the bone material [114]. This method is discussed in more detail
since the influence of the stochastic backscattering process of the electrons on the mea-
sured result is characterized and mathematically described in section 3.1. In qBEI a bone
sample of several square centimeters is scanned with an electron beam. Roughly 30% of
the incident electrons are elastically backscattered from the surface. These electrons are
referred to as backscattered electrons (BE) when the electron trajectory is changed by
5sample surgically removed from a living (biopsy) or dead (autopsy) subject
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more than 90◦ from the initial direction of motion, i.e. the electron scatters back into
the hemisphere of the original beam [115]. The electrons being backscattered from each
Figure 2.4: Bone mineralization density distribution (BMDD, see section 2.3.2) (right)
obtained from a qBEI image (left, courtesy of P. Roschger) of trabecular bone
after conversion from gray level into calcium content. The BMDD is constant
for healthy adults and deviation from this reference (black) are detected for
osteomalacia (red). The BMDD (green) obtained after treatment against
osteoporosis with Strontium ranelate is shown depending on gray level (top
x-axis). For the conversion from gray level in calcium content see text and
section 3.3.3.
beam position on the sample, are detected and the intensity is converted into a gray
value. After the entire scanning of the sample, a gray level image is obtained, see Figure
2.4 left. A gray level of a sample area within the image reflects either a pure element
with a certain atomic number Z or a material being composed of several elements having
an averaged atomic number (Zmean). The backscattering coefficient η for homogeneous
samples is the fraction of BE divided by the incident electron beam. The coefficient in-
creases monotonically with an increase of the atomic number. This dependence is known
as Z contrast. A sample being a mixture of homogeneous elements, η is approximately
the sum of the individual constituents weighted by their mass concentration Ci (namely





2.3 Quantification of the dynamic processes in trabecular bone 17
where i denotes each constituent [115].
In a bone sample, the element calcium dominates the influence on the backscattered
electrons since it is the element with the largest atomic number, among the organic
matrix consisting of the elements H, C, N, O, S. The mineral hydroxyapatite is made
of the elements P, O, H beside Ca. A calibration is necessary to convert the BE signal
represented by gray levels into calcium content given as wt%. Roschger et al. use the
material contrast of carbon (Z = 6) and aluminum (Z = 13). They determine the gray
levels of the elements by adjusting the detector such that for carbon a gray value of
GLC = 25 and GLAl = 225 for aluminum is obtained. The gray level for bone lies
between these values. The outcome is a linear correlation between the BE gray level and
the calcium concentration, GLqBEI = Ca[wt%]+4.3320.1733 [114]. To validate the calibration
the bone sample was additionally measured by quantitative energy dispersive X-ray
(EDX). Areas in the bone sample showing distinct gray levels in the qBEI image are
picked to analyse the corresponding element composition. The measured frequency of
the appearing elements, which is mostly calcium, corresponds to the gray level.
The drawback of qBEI is the finite acquisition time. The backscattering of electrons is a
stochastic process. Only an infinite acquisition time would give an accurate result. This
is obviously not possible for practical reasons, but a too long acquisition time would
induce significant damage to the bone tissue. In section 3.1 a mathematical solution is
given to overcome this limitation.
2.3.2 The bone mineralization density distribution (BMDD)
By the use of quantified BEI, histograms of the gray level images return a frequency
distribution of the calcium content in the bone sample. The normalized frequency dis-
tribution of these images is called the bone mineralization density distribution (BMDD)
[114]. The BMDD quantifies the probability to find bone with a given mineral content in
a bone sample. Since the BMDD is usually a bell-shaped curve, it can be characterized
by its peak position, CaPeak, and the peak width defined as full width at half maximum,
CaWidth (see Figure 2.4). In healthy human adults the BMDD is independent of sex,
age, ethnicity and anatomical site [108]. This allows the definition of a reference BMDD
for healthy individuals. The BMDD deviates from the healthy state when the bone is
affected by various bone diseases like osteoporosis [116] and osteomalacia [108] (see Fig-
ure 2.4 right). Further deviations appear when the bone disease is treated with different
drugs against osteoporosis like, e.g. parathyroid hormones (PTH) [117], bisphosphonates
[118] or strontium ranelate [86, 87]. Thus the deviation from the reference BMDD serves
as an important diagnostic indicator [6]. Predictions about the temporal changes in the
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BMDD can be obtained with computer models, which therefore allow interpreting the
observed deviations from the reference BMDD.
Usually osteoporosis is diagnosed by measuring the bone mineral density (BMD) of a
given bone volume. Despite the similarity in the abbreviation the BMDD must not be
confused with this quantity. The BMD is a single scalar that depends on the bone vol-
ume and the mean mineral content and is measured in a X-ray absorption experiment.
The BMDD is a probability distribution that returns variations of local calcium concen-
trations in trabecular bone at the micrometer level. Yet the BMD and BMDD can be
correlated by calculating the mean value of the BMDD in units of volume percent of
hydroxyapatite. Multiplication of the mean value by the density of the mineral and the
bone volume returns the volumetric BMD (vBMD) [119].
Concerns were raised about the validity of BMDD representing the true mineral dis-
tribution in bone. The main objections were that the BMDD changes its width with
varying electronic beam currents [120]. The electron backscattering event is a stochastic
process occurring with a certain probability. Therefore, probing an ideally homogeneous
sample (consisting of only one Z) leads to a distribution of finite width of gray levels
instead of an ideal δ-distribution. This effect together with the electronic noise from
the instrument compromise the measured BMDD. Since the noise influences mostly the
width of the peak, the "true" BMDD is obtained by deconvolution of the measured one.
In a response [121] to the raised concerns it was estimated that under the standardized
experimental conditions, the measured peak width of the BMDD would be no more than
5% apart from the width of the "true" BMDD.
To quantitatively understand the influence of the finite measurement time the BMDD is
deconvolved in section 3 by the use of regularization methods. The deconvolved BMDD
is further used as input of the mathematical model introduced in the next section (2.3.3)
and for the model in section 3.3. The simulation outcomes are at the end ’re-convolved’
to allow for a better comparison between simulation and measurements.
2.3.3 The BMDD model
The bone mineralization density distribution (BMDD) is used in a mathematical model
describing the material changes in trabecular bone [14]. The bell-shaped distribution is
the result of the mineralization and the remodeling process and is similar for healthy
humans. Since this model is used to study an increased/decreased mineralization kinetics
on the BMDD (chapter 3) it is described here.
The remodeling and mineralization influence the BMDD in two different ways [10]. First,
the action of the osteoclasts reduces the mineralized bone volume which results in a
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lowering of the peak, see Figure 2.5 left. After a certain period, the quiescent period,
the osteoblasts lay down new bone. This initially unmineralized bone is considered at
zero mineral content and enters therefore at the left side of the BMDD. Second, during
the mineralization process the bone packets continuously increase their mineral content,
which leads to shift of the BMDD to higher values, see Figure 2.5 right. The temporal
Figure 2.5: Schematic effect of the remodeling (left) and the mineralization (right) pro-
cess on the BMDD. Bone resorption leads to lowering of the peak while bone
deposition is considered as new unmineralized bone that enters at zero cal-
cium content. The mineralization process leads to a right shift of the BMDD.
change of the BMDD is described by a continuity equation (2.3) which considers the
mineralization and the remodeling process. The BMDD is given as a function ρ(c, t)
denoting the bone volume with a calcium content c within [c, c + dc] at time t. The
total bone volume at time t, is therefore BV (t) =
∫ cmax
0 ρ(c, t)dc where cmax denotes
the maximum concentration of calcium found in bone. The simulations start from a
normalized initial condition with BV (t = 0) = 1, but BV can change during simulations.
Since the measured BMDD is normalized to 100% of mineralized area, the quantity
ρ(c, t)/BV (t) is used for comparison between simulation and experiment.
The remodeling process is considered by a sink of bone volume, jRs(t) corresponding to
resorption, and a source jF (t) corresponding to deposition, such that the change of bone




0 ρ(c, t) = jF (t) − jRs(t). Bone resorption
is assumed to be independent of the calcium content c, therefore jRs(t) is normalized
by ρ(c,t)BV (t) . Newly deposited bone is always non-mineralized. Therefore bone deposition
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defines the boundary condition at c = 0. The mineralization kinetic is modeled by a
mineralization law, m(a) [14]. It relates the mineral content of a bone packet to its
age a, see Figure 2.6. The mineralization law is a strictly monotonous function and
Figure 2.6: Mineralization law of a healthy bone packet connecting the calcium content
to its age. The mineralization law is the result of equation 2.4.
therefore invertible. Consequently, the mineralization velocity v(c) entering the time
evolution equation of the BMDD, is v(c) = ddam(a). The time evolution of the BMDD










BV (t)︸ ︷︷ ︸
remodeling
, (2.2)
ρ(c = 0, t)v(c = 0) = jF (t). (2.3)
The model can be solved numerically for situations where the bone turnover, i.e. both
the rate of resorbed and deposited bone volume, changes in time. Introducing only a
single time constant tEFF , these changes can be approximated by an exponential func-
tion, j(t) = jfinal + (jinitial− jfinal)exp(−t/tEFF ). The BMU picture of the remodeling
process (see section 2.2.1) is included by precedence of resorption before the correspond-
ing changes in deposition [10]. To predict the time evolution of the BMDD, an initial
BMDD ρ(c, t = 0), initial and final values for jRs(t) and jF (t), and the time constant of
the changes, tEFF , has to be known from experiment or be assumed [14].
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The measured reference BMDD, which is the input for this model, is independent of
anatomical site, sex, ethnicity and age in healthy human adults [108]. In the model the
remodeling and the mineralization process are balanced in such a way that the shape
of the BMDD remains unchanged in the healthy case. A reference BMDD independent
of time can be interpreted as a steady-state of equations 2.2 and 2.3. With all the time
dependencies disappearing, equations 2.2 and 2.3 can be solved in two ways [14]. First






where tTO corresponds to the turnover time. Second for a known mineralization law a
steady-state BMDD can be calculated by









In the simulation the value j is related to the turnover time tTO by j = BVtTO /year. In the
healthy case one unit volume is remodeled. When choosing a turnover time of tTO = 5y
it means that 20% of the bone volume is remodeled per year. By changing j in equation
(2.5), BMDDs are obtained which correspond the steady state reached after a change in
the remodeling process. For a four times increased turnover, e.g., four times more bone
volume is remodeled than in the healthy case, i.e. j = 4BVtTO /year =
BV
1/4tTO /year. Thus
in equation (2.5) the value j = 0.25 has to be chosen to simulate a four times increase
turnover. The effect on the steady state BMDDs resulting from a change in turnover
were studied in [14]. They are adapted in chapter 3.3 to compare these results to effects
resulting from a change in the mineralization kinetics.
2.4 Experimental data used in this work
2.4.1 Time-lapsed in vivo micro-computed tomography on mouse bone
Using in vivo micro-computed tomography (micro-CT) the same bone can be imaged in
three dimensions at different time points in small animals like mice. By comparing two
consecutive images, changes in the bone structure can be detected.
The setup used for micro-CT is usually an X-ray source and a detector at a fixed position
where in between the investigated object is rotated around its long axis. At each angular
adjustment the sample is penetrated by the X-rays resulting in a two-dimensional projec-
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tion (or scan) of the image. The beam intensity is exponentially attenuated depending
on the material, the penetrating distance and the energy spectrum of the X-ray source.
This material constant, i.e. the attenuation coefficient, is defined as linear absorption
coefficient and describes how much the beam is attenuated after passing an infinitely
small distance. The measured final attenuation is the sum of all the local coefficients.
The detected intensity is converted in a gray value. After a full rotation of the object, the
two-dimensional scans can be used to reconstruct a three-dimensional gray level image
representing the linear attenuation coefficients [122].
The gray level intensities of the µCT scans include additional information about the
local mineral content [123]. However, the conversion from gray levels into mineral con-
tent is not straightforward using polychromatic X-rays of a conventional µCT. Lower
energies are absorbed more by the sample than higher energies. The energy spectrum of
the beam is not only lowered but shifts its peak to higher values. This effect is known
as beam hardening [124] and can be reduced by placing filters in the X-ray path [125]
or by applying correction algorithms to the images [126, 127]. The calibrations of vary-
ing hydroxyapatite concentrations allow an interpretation of the gray levels in terms of
mineral content [123, 99, 128].
The detailed experimental setup is reported in [129, 130] and is only shortly described
here. The sixth vertebra of the mouse tail (standard mouse: C57BL/6) is mechanically
loaded with 8N at 10 Hz for 3000 cycles, 3 times per week for 4 weeks. The mechanical
stimulus is applied to the vertebra via pins inserted in the neighboring vertebrae (Fig-
ure 2.7). In an unloaded control group the steel pins are inserted into the neighboring
vertebrae in the same way, but no loading is applied. The control and the loaded group
each comprises 9 mice. In both groups the bone structure is determined by weekly scans
with in vivo micro-CT at a resolution of 10.5 µm in all three spatial dimensions.
The three-dimensional images provided for the analysis of the mineralization process in
vivo in mice are obtained by the described procedure using a desktop micro-CT with
a polychromatic X-rays. During the course of the experiment the very same vertebra
of a mouse was investigated over five weeks. The images of the different time points of
the same bone are aligned using computational tools [131]. By overlapping the images,
regions of bone formation and resorption on the bone surface are identified (Figure 2.7
right). Bone volume present only in the earlier image, but not in the later one is defined
as resorbed bone. Bone volume only present in the later images is defined as formed
bone. Bone areas present in both images are considered as quiescent, i.e. not remodeled
bone. The method was successfully validated in showing good agreement with formation
parameters when compared with results from standard techniques (histomorphometry)
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[13, 132]. Not only the remodeling rates are investigated with this experiment but also
how an external mechanical stimulus influences the rates.
The provided µCT scans are used to investigate the mineralization process and the in-
fluence of the mechanical stimulus, Figure 2.7, on it in chapter 4. The heterogeneity
in the mineral content is quantified by a frequency distribution, like the BMDD. The
evaluation of the gray levels of the images focuses on trabecular bone only.
Figure 2.7: Prepared mouse bone and evaluated micro-CT scan. Left: The inserted
steel pins in the neighboring vertebrae in the mouse tail are used to me-
chanically stimulate the middle vertebra. A procedure that is repeated three
times a week for four weeks [13]. The middle bone is scan weekly with a
micro-CT. Right: The alignment of the weekly scans allows determination
of formed (yellow), resorbed (blue) and not remodeled, i.e. constant or qui-
escent (bright gray) regions.
2.4.2 Light microscopy images of osteonal bone of horses and dogs
In chapter 5 of this thesis an algorithm is presented which quantifies the arrangement of
osteons and osteonal canals in cortical bone of horses. With this quantification conclu-
sions about the underlying mechanisms of the remodeling process can be drawn.
Light microscopy images were provided, which were taken from cortical bone sections
and which were cut from the middle part of the long bones in horses and dogs. The
specific bones are the left radii and the metacarpus of two horses, see Figure 2.8. In
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each sample four areas are investigated which are defined by their anatomical direction.
The direction towards the head is called cranial and towards the tail caudal. The lat-
eral direction is perpendicular to the cranial or caudal direction pointing away from the
animal, while the medial direction points towards the animal, see Figure 2.8.
The images taken by reflective light microscopy of the samples show almost entirely
osteonal bone. The investigated sites in the sample cover an area of 5.8 x 4.35 mm2
at low resolution and 1.415 x 1.06 mm2 at high resolution. The size and shape of the
canals is more precisely defined at high resolution while the larger area captured at low
Figure 2.8: Investigated horse bones and corresponding nomenclature. Left: From the
horse skeleton only the long bones, i.e. radius and metacarpus are analyzed
(skeleton taken from [133]). Middle: Schematic drawing of a cut through
a long bone visualizing the specific measurement sites in the study. From
these sites images are taken by reflective light microscopy (upper right gray
image). The scale bar denotes 250 µm. The lower right image is binarized,
where the canal of the osteons is separated from the surrounding bone and
is marked as black, while the surrounding is set to white.
resolution is statistically favorable in the analysis of the osteonal arrangement. High
resolution and low resolution images are saved in images of a size of 1280 x 960 and 1230
x 890 pixels.
All light microscopy images are converted into binary images, see bottom right image in
Figure 2.8. The canals of the osteons are marked in black and the rest is taken as white
background. The canals and osteocyte lacunae are distinguished automatically based on
their size and circularity using the "particle analysis" tool in the software ImageJ [134].
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Remaining artifacts that are not recognized by the software have to be removed by hand.
The binarized images are used to determine the spatial arrangement of the canals. The
detailed description of the developed algorithm is presented in section 5.

3 Influence of mineralization kinetics and
the measurement process on the bone
mineralization density distribution
(BMDD)
The shape of the measured bone mineralization density distribution (BMDD) can be in-
fluenced by several aspects starting with the measurement process and biological factors
like bone diseases and drug therapies. In the following chapter a quantification of the
different influences is presented, starting with the stochastic backscattering process in
quantitative backscattered electron imaging (qBEI). For this purpose a detailed mathe-
matical description of the measurement process is presented which results in an equation
relating the measured (finite acquisition time) with the ’true’ (infinite acquisition time)
BMDD. By deconvolution this true BMDD is obtained from the reference BMDD and
serves as input parameter for the simulation in the second part of the chapter.
In this second part we present a model which incorporates changes in the mineralization
kinetics in trabecular bone. The model is based on a previously introduced model (see
section 2.3.3) which considers the remodeling and the healthy mineralization process to
describe changes on the BMDD [14]. The aim is to study the influence of a disturbed mi-
neralization kinetics on the BMDD. These influences on the BMDD are then compared
to changes resulting from a decreased/increased remodeling.
3.1 Influence of the measurement process
In this section the mathematical relation between the measured and the ’true’ BMDD
is derived which was published in [59]. The presented section follows the line of the
published text.
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Influence of mineralization kinetics and the measurement process on the
bone mineralization density distribution (BMDD)
3.1.1 Relation between the measured and the actual BMDD
The calculation is started by considering a qBEI experiment (see section 2.3.1) on a
homogeneous material. The number of electrons hitting a small region of the sample
is denoted as N and n the number of backscattered and detected electrons. N tends
towards infinity for an infinitely long acquisition time, ta. For such an ideal measure-
ment the probability p that the incoming electron is backscattered and detected can be
defined as p = limN→∞ nN . The probability to find a small region in the sample with a
backscattering probability within [p, p+ dp] is defined as f(p)dp. A homogeneous mate-
rial with scattering probability p0 is therefore described by fhom(p) = δ(p− p0).
Although the sample is assumed homogeneous, the number of electrons backscattered
from a small location on surface differs in a real experiment with finite acquisition
time. This is due to the stochastic nature of the backscattering process. The ratio of
backscattered and detected electrons to incident electrons is denoted as x = nN . For a
real experiment and an assumed homogeneous sample, the probability to find x within
[x−∆x/2, x+ ∆x/2] is denoted as ghom(x)∆x. The probability distribution ghom(x) is






pxN (1− p)(1−x)N = a(x;N, p). (3.1)
The scattering probability distribution of a heterogeneous sample in an ideal experiment
is given by fhet(p) =
∫ 1
0 fhet(p′)δ(p− p′)dp′. In a real experiment ghet(x) is then the






In the following only heterogeneous samples are considered, therefore the index het is
removed. In the further procedure the aim is to solve equation (3.2) for fhet. Therefore
a relation between the measured gray levels M and the ratio x is needed.
In a qBEI experiment, only a discrete number of different gray levelsM is resolved. The
detector is adjusted such that the measured gray level M and the fraction of backscat-
tered and detected electrons x are linearly related. This relation is given asM = ux+v.
Discretizing (3.2) in terms of the gray level M one gets
g = Af or gM =
Mmax∑
M=1
AMMfM (M,M = 1, ...,Mmax). (3.3)
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fM is defined as the probability to detect a gray levelM in an idealized experiment with
an infinite acquisition time ta. In contrast, gM is defined as the probability to detect M





· a(x = M − v
u
;N, p = M − v
u
) (3.4)
where the relation between p and mean gray level of the distribution, M , is used. The
matrix A describes the broadening of the intensity of each "true" gray level M into
the measured gray levels M . In order to approach this broadening the variance of the
distribution of (3.4) is calculated. The overall probability for backscattering for bone
is roughly 10% [115]. Considering further the size and arrangement of the detector, p
decreases by another order of magnitude. Therefore p << 1 is a valid assumption and







= u(M − v)
N
. (3.5)
In the limit of an infinitely long acquisition time (i.e. N → ∞), b2 = 0, the matrix A
becomes the identity matrix and, therefore, g = f . Considering the case of trabecular
bone, the measured BMDD is then the true BMDD.
The measured BMDD in a qBEI experiment approximates the probability g(x) as long
as the measured sample is large enough, i.e. the number of pixels of a BE image,
Npixel, must be much larger than the number of gray levels, (Mmax << Npixel). In
a typical qBEI experiment the number of different gray levels is Mmax = 256 (8 bit
gray scale resolution). The number of electrons hitting a region in the sample can be
calculated. Knowing the probe current I and the total acquisition time of the image ta,
N is calculated by N = Ie ta
1
Npixel
, with e being the elementary charge. The time the





The unknown constants u and v in (3.4)-(3.5) can be determined based on a comparison
with qBEI measurements. u and v are both changed by adjusting brightness or contrast
[114]. When brightness is increased, u is decreased because the same number of counts
is assigned a higher gray level. When contrast is increased, the histogram gets wider,
therefore u is increased because there are more counts per bin. v is increased since the
smallest gray level is shifted to higher counts.
As mention in section 2.3.1, the brightness and contrast in the SEM are adjusted so that
in the range of the 256 gray levels, C and Al have mean gray levels of MC = 25 and
MAl = 225. Experiments using different acquisition times ta showed the linear behavior
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expected from (3.5) between the width of the measured distribution and the inverse of
the acquisition time,
b2(M) = k(M) 1
ta
(3.6)
with kC = k(MC) = 400 and kAl = k(MAl) = 822 [121]. Equating (3.5) and (3.6),
results in u = γ kAl−kC
MAl−Mc
and v = kAlMC−kCMAlkAl−kC .
In the calculation, the material was assumed homogeneous with a fixed, but arbitraryM .
Therefore all the matrix elements AMM from (3.3) can be obtained. Their dependence
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For a more intuitive understanding and to relate the results to [121], the binomial dis-
tribution is approximated by a Gaussian distribution. This approximation is valid if N
is large enough and the conditions Np > 4 and Np(1 − p) > 4 are fulfilled [135]. N
is the number of electrons hitting a single location of a sample during the acquisition.
When measuring for ta = 100s with a current I = 0.11nA then N can be calculated by
N = ItaeNpixel ≈ 2 · 10











(M − v) = 2.11s
ta
(M + 164.6),
using u = γ(2.11s) and v = −164.6. In the qBEI experiments, the current was always
kept constant, I = 0.11nA. An image with Npixel = 512 × 650 was recorded resulting
in γ = 2.06 · 103/s. In the numerical implementation, the matrix A is normalized such
that each column sums up to 1. Therefore (3.3) conserves the normalization of f and g.
Note that the width of the distribution in (3.8) defining the matrix A does not explic-
itly depend on γ, but only on acquisition time and gray level. For an infinitely long
acquisition time, σ tends to zero. Then the matrix A approaches the unit matrix and
the difference between the "true" BMDD f and the measured distribution g disappears.
The inversion of A to calculate f from g is not straightforward, since the solution is not
stable under small perturbations of the measured input data. Such an ill-posed problem
can be handled using regularization methods [136, 137]. The Tikhonov regularization is
usually the first choice as regularization method and will be applied in the following.
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3.1.2 Deconvolution of the BMDD with Tikhonov regularization
The purpose of regularization is to stabilize the ill-posed problem and to single out a
useful and stable solution. This is done by incorporating further information about the
desired solution by side constraints [137, 136]. In other words, the main idea of regu-
larization in the presented case, is to approximate the solution for f in (3.3) by solving
a linear least-squares problem under additional side constraints. Using the Tikhonov
method with a simple side constraint, the problem is to find f reg being the minimizer
of the weighted combination of the residual norm and the side constraint, such that
f reg = argmin
{
||Af − g||22 + λ2||f ||22
}
. (3.9)
While the first term, ||Af − g||2, is the residual norm, the second term, ||f ||2, which
obviously has to be small enough, i.e. of small norm not to impose any artifacts and
large enough to stabilize the problem. The regularization factor λ acts as a weighting
factor between the two terms, and a reasonable result depends crucially on a skillful
choice of λ. For a fixed λ (3.9) can be solved explicitly,
f reg = (ATA+ λ2I)−1ATg, (3.10)
with I being the unit matrix. The effect of λ on the solution f reg can be demonstrated
by factorizing A using singular value decomposition [138],
A = UΣV T , (3.11)
where U and V are orthogonal and Σ is a diagonal matrix with the singular values of
A in descending order. The ratio of the largest and smallest singular value is a measure
for the invertability of the matrix A. For practical acquisition times, the matrix A of
(3.7) clearly fails this criterion of invertability.
Inserting (3.11) into (3.10), one obtains
f reg = V DUTg, (3.12)
where D is again a diagonal matrix with values Dii = σiσ2i+λ2 . The effect of λ is therefore
to "mitigate" the small singular values of A at the cost of introducing a regularization
error.
Plotting the residual norm ||Af − g||2 versus the side constraint ||f ||2 on a double
logarithmic scale, the so-called L-curve is obtained (Figure 3.1). If λ is small (vertical
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branch), the error is dominated by the large norm of the solution. For large λ (horizontal
branch), the error is dominated by the residual norm. The minimum as formulated in
(3.9) is obtained by choosing λ in the corner of the L-curve.
3.2 Effects of the deconvolution on the reference BMDD
3.2.1 Deconvolved reference BMDD
The Tikhonov regularization method ((3.10)-(3.12)) is applied to deconvolve the refer-
ence BMDD. Figure 3.1 top shows the corresponding L-curve, with the balance between
the error of the solution on the x-axis and the norm of the solution on the y-axis. Since
a choice of the regularization parameter λ at the corner of the L-curve (λ = 1.5 · 10−3)
results in unrealistic oscillations in the deconvolved reference BMDD, a slightly larger λ
is chosen (λ = 3.36 ·10−2). The main parameters characterizing the BMDD, the position
of the peak, CaPeak, and the width of the distribution, CaWidth, are robust with regard
to the choice of λ. An increase or decrease of λ by 50% results in a change of CaWidth
of less than 0.3% (Figure 3.1 top inset).
The deconvolved reference BMDD (Figure 3.1 bottom left) is again a bell-shaped distri-
bution with a virtually unchanged peak position. Differences, however, can be seen in
the width of the distribution, the deconvolved BMDD naturally being narrower. Since
CaWidth is defined as full width at half maximum, it decreases by 7.3% mainly due to
an increase of the maximum height by 5.7%. From a given BMDD, one can calculate
the mineralization kinetics using equation (2.4). Insertion of the deconvolved reference
BMDD instead of the reference BMDD in equation (2.4), slightly different mineralization
laws are obtained, see Figure 3.1 bottom right. The difference between the deconvolved
and the reference law at an age a = 1 y is 0.07 wt% Ca.
3.2.2 Effect of different acquisition times on the measured and calculated
BMDD
The reference BMDD can be calculated with refBMDD(ta) = A(ta)refBMDD(ta →
∞) for different acquisition times when the deconvolved reference BMDD and the matrix
A (3.4) are known. Convolution with A(ta = 100s) accurately reproduces the experi-
mental reference BMDD as defined in [108]. This confirms that the proposed numerical
deconvolution is a good approximation of the true inversion of A. The error introduced
by the regularization is small. The Figure 3.2 shows the BMDDs measured (left) with
different acquisition times. With shorter acquisition time the measured distributions
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Figure 3.1: Choice of regularization parameter and corresponding distribution and mi-
neralization law. Top: L-curve of the Tikhonov regularization method to
deconvolve the measured reference BMDD. In the double-logarithmic plot
the norm of the residual and the norm of the side constraint is plotted on
the x and y-axis, respectively (see (3.10)). The regularization parameter λ is
chosen a bit larger than the corner parameter to obtain a smooth deconvolved
curve. The inset shows that the width of the deconvolved reference BMDD is
robust against the choice of λ. Bottom left: The measured reference BMDD
(black) and the resulting deconvolved distribution after application of the
Tikhonov regularization method (red). The corresponding mineralization
laws describing the increase in the mineral content in newly formed bone as
function of the age of the bone. Plots are adapted from [59] with permission
from Springer Science.
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have a more wiggly appearance due to a deteriorated signal to noise ratio. According
to the considerations above, the BMDDs become broader when the acquisition time
is reduced. Figure 3.2 right shows the predicted distributions for different acquisition
times. Comparison with the experimental results reveals good quantitative agreement.
Only the effect of noise is absent in the calculations, which results in smoother predicted
distributions. Note that the effect of ta on CaWidth is asymmetric: increasing ta = 100 s
by a factor of 10 then CaWidth decreases by only 6.4%, while a decrease of ta by a factor
of 10 broadens the distribution by 44%.
Figure 3.2: Influence of the acquisition time on measured and simulated BMDDs. For the
calculation, the deconvolved reference BMDD was convolved with the matrix
A (3.8) describing the compromising effect of the measurement. From [59]
with permission.
3.2.3 Influence of interindividual variability on the definition of the
reference BMDD
The reference BMDD for healthy adults is obtained by averaging over 52 BMDDs from
samples taken at different skeletal sites and from individuals of different age, sex, and
ethnicity [108]. In order to distinguish the effects of averaging and counting statistics,
first all 52 individual BMDDs are deconvolved and then averaged instead of deconvolv-
ing the averaged reference BMDD as described above. For deconvolution, the Tikhonov
regularization method is again used. The regularization factors have to be chosen in-
dividually for each deconvolution from the interval [0.0392; 0.1037]. The effect on the
main BMDD parameters CaWidth and CaPeak is shown in Figure 3.3. While decon-
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Figure 3.3: Parameters CaPeak and CaWidth of all the 52 BMDDs from healthy adults of
different age, sex and ethnicity, used to define the reference BMDD of healthy
adults. Open circles correspond to parameters before deconvolution, full cir-
cles afterwards. Larger symbols denote CaPeak and CaWidth for the reference
BMDD (triangle), for the deconvolved reference BMDD (square) and for the
BMDD obtained by averaging over all 52 deconvolved BMDDs (diamond).
The star gives the mean value calculated by averaging the parameters of the
52 BMDDs. Adapted from [59] with permission.
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volution leaves the peak position CaPeak virtually unchanged, CaWidth is reduced on
average by 0.2 wt% Ca. The resulting distribution hardly depends on whether the 52
BMDDs are first averaged and then deconvolved, or whether each of the 52 BMDDs
is deconvolved and then averaged. The two possibilities denoted by a full square and
diamond, respectively, are found close together in Figure 3.3.
3.3 Influence of disturbed mineralization kinetics on the
BMDD
In this section a method to incorporate a disturbed mineralization kinetics in the BMDD
model (see section 2.3.3) is presented. The aim of this part of the thesis is to distin-
guish the resulting influences on the BMDD from influences resulting from a disturbed
remodeling process. Disturbed mineralization kinetics occur during bone diseases, drug
treatment (see section 2.3.2) and diseases of the endocrine system1, resulting e.g. in a
lack of calcium and phosphate in the blood.
In the model the kinetics is disturbed by modifying the mineralization kinetics. The
modified mineralization velocity is then inserted in the BMDD model which is solved
numerically. The comparison between the effects on the BMDD originating from dis-
turbed mineralization kinetics and a disturbed remodeling process is presented in two
ways. First the behavior of the BMDD parameters (CaPeak, CaMean and CaWidth) in the
steady state condition are shown which are obtained for differently ’strong’ disturbances
in both processes. Second, the time evolution of the BMDD is presented by showing the
transients when the BMDD shifts either to higher or lower mineral contents compared to
the reference BMDD. Finally the section 3 closes with a discussion about all the research
results of this chapter.
3.3.1 Time dependent mineralization kinetics
The modified mineralization kinetics is introduced by changing the mineralization veloc-
ity with which a bone packet increases its mineral content. In the healthy case, i.e. the
non-disturbed case, the mineralization velocity does not explicitly depend on time. It is
given by the derivation of the mineralization law c = m(a) which relates the mineral con-
tent c to the age a of a bone packet [14]. The mineralization law is strictly monotonous
and can therefore be inverted returning the age a = m−1(c) of a bone packet. The
mineralization velocity is then defined as v(c) = dcda . The effect of this velocity on the
1system of glands which regulates functions like e.g. growth and development by the use of hormones
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BMDD can be imagined as a shift of each bar in the BMDD histogram to higher calcium
values and it shows for young bone packets a faster and for older bone packets a slower
shift.
Bone diseases can lead to a undermineralized and overmineralized bone (see section
2.2.2). To model such diseases the mineralization kinetics has to be modified. The sim-
plest way to do this is to multiply the mineralization velocity v(c) with a new factor
g 6= 1. g < 1 corresponds to a reduced mineralization compared to the healthy case,
g > 1 to an increased mineralization.
Bone diseases do not fully develop instantly. There rather has to be a smooth transi-
tion between the healthy and diseased state. To describe this transition an exponential
growth function is chosen which is given by
h(t) =
{
1, t ≤ 0
g + (1− g)e−t/tch , t > 0
(3.13)
It is assumed that the change in the mineralization kinetics occurs at t = 0, therefore
h(t = 0) = 1. In the limit t → ∞, h(t) tends to g. The time constant tch indicates
how fast the change should occur in the bone. The new mineralization velocity w now
explicitly depends on time, but also on the time of formation of the new bone packet,
ta. In the extended model it is described as




The term t− ta as argument of the mineralization law m corresponds to the age of the
bone packet. It is convenient to define m(t − ta) = 0 for t − ta < 0. Integration of the
mineralization velocity yields the new mineralization law, M(t, ta), which describes how






m(t′ − ta)dt′. (3.15)
Partial integration of this expression gives the alternative result,






′/tchm(t′ − ta)dt′. (3.16)
Figure 3.4 demonstrates the consequence of this modification on the mineralization law
for the case g > 1 for three different bone packets, one formed at t = 0, when the
mineralization kinetics changes, one before and one after this time point. A new feature
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is that the mineralization laws of different bone packets can intersect, see Figure 3.4
left. Consequently, there is no one-to-one correspondence anymore between the age of
the bone packet and its mineral content. A bone packet that was formed long before
the change in mineralization, almost accomplished the incorporation of mineral, and
therefore hardly feels the change. On the contrary, a bone packet formed after the
change in mineralization, profits from the increase in the mineralization velocity and
attains higher values of the mineral content compared to older bone packets. When
plotted against the time of formation, ta, the function is not monotonous anymore,
demonstrating again that at the same time t the same value of the mineral content, c,
can be obtained for bone packets with different formation times, ta, Figure 3.4 right.
Figure 3.4: Consequence of a disturbed (here increased) mineralization kinetics on bone
packets. Left: Mineralization laws showing the increase in mineral content
as a function of time for the case that the mineralization kinetics is changed
at time t = 0y (see equation (3.15)). The chosen g = 1.5 corresponds to an
overmineralization. The mineralization laws for three different bone packets
are shown: one formed at ta = 0 (red), one before the change in mineraliza-
tion (black) and one after (green). The change of the mineralization kinetics
results in an intersection of the mineralization laws, i.e. bone packets can
exist, which have the same mineral content but differ in time of formation,
ta. Right: Mineral content of bone packets plotted as a function of the time
of formation, ta. The change of mineralization with increasing time t is re-
flected by a non-monotonous dependence on ta. Note that ta increases from
right to left to improve readability of the plot.
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3.3.2 Disturbed mineralization kinetics in the BMDD model
The above introduced mineralization kinetics from (3.14) is inserted in the BMDD model
presented in section 2.3.3. In the original model the BMDD is described as a function
ρ(c, t) depending only on the calcium content c and the time t [139]. Now a function
f(c, t, ta) is introduced depending also on the time the bone packet was formed ta and
which describes how likely it is to find bone at time t in a sample with calcium content





f(c, t, ta)dta. (3.17)
With the age dependence of the bone packets the dimension of the function f(c, t, ta) is,
[f(c, t, ta)] =
µm3
day · wt%Ca. (3.18)
In the BMDD (2.2) the function ρ(c, t) is replaced by f(c, t, ta) for a bone packet together









BV (t)︸ ︷︷ ︸
remodeling
. (3.19)
Bone remodeling is described on the one hand as a sink of bone volume, jRs(t), corre-
sponding to resorption which is assumed to be independent of the calcium content c.
Therefore jRs(t) is normalized by f(c,t,ta)BV (t) . On the other hand bone formation is described
as a source, jF (t), so that the change in bone volume BV yields
d
dt







f(c, t, ta)dcdta. (3.20)
A newly deposited bone packet is always non-mineralized. Therefore bone deposition
defines the boundary condition at c = 0 and a = 0, thus
jF = f(t = ta, c = 0, ta)w(c = 0, t = ta, ta) (3.21)
The boundary condition at cmax is absorbing due to w(cmax) = 0. tamax is chosen to be
larger than the time period monitored in the simulation.
The time evolution equation (3.19) of a bone packet and the subsequent summing of all
bone packets by (3.17) is used to investigate disturbed mineralization kinetics on the
BMDD.
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The time evolution equation of the BMDD (3.19) with the included modification in the
mineralization kinetics is solved by inserting the modifications in an existing computer
program [139] written in Matlab [140]. How the program is adapted to the introduced
changes in the mineralization kinetics is demonstrated schematically in Figure 3.5 right.
The old program (Figure 3.5 left) solves the continuity equation presented in section
2.3.3 including the remodeling process and the healthy mineralization kinetics. The new
mineralization kinetics is inserted in the program, such that the numerical implementa-
Figure 3.5: Left: Structure of BMDD model introduced in [139]. Right: The modified
mineralization kinetics are introduced in the existing computer program.
Changes are marked in red.
tion of deposition, mineralization and resorption of the old program does not have to be
changed but can be used.
In the new program the deconvolved reference BMDD (see Figure 3.1) serves as new
input together with the corresponding mineralization law and velocity. The BMDD is
split in bone packets. In the time loop the new mineralization kinetics is calculated and
with every new time step a bone packet is newly formed. For each bone packet (includ-
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ing the new packets and the already existing ones) the modified mineralization kinetics
is calculated which is needed for the mineralization in the next step. Subsequently the
bone resorption occurs. Then the bone packets are summed to return the BMDD for
a given time point. As a last step in the time loop all functions of bone packets are
updated to give the input for the next iteration. After the simulation the BMDDs are
convolved by using eq. (3.3) and (3.8). Finally as output the BMDDs are returned,
which are affected by disturbed mineralization kinetics.
3.3.3 The effect of medication against osteoporosis
As mentioned earlier in section 2.2.2 the disease osteoporosis can be treated with a drug
called strontium ranelate. This treatment causes the BMDD to shift to higher values.
The drug probably slows down the remodeling process. However it is unclear how much
of the shift results simply from the incorporation of strontium and how much is due to
a reduced remodeling. Depending on the time of treatment with this drug a fraction of
up to 5% of the calcium atoms in the mineral crystals is replaced by strontium atoms
in the newly formed bone [87, 86]. The mineralization kinetics remains unchanged. To
simulate the time evolution after strontium ranelate administration the effect of the Sr
uptake is estimated.
The influence of the Sr uptake on the qBEI measurement can be estimated by calculating
the mean value of the atomic number in bone, including 5% Strontium. The weighted







where Ni denotes the number of the i-th atom with atomic number Zi and atomic
mass Ai [141]. The composition of the synthetic apatite with the ratio x = SrSr+Ca of
substituted Ca atoms is (SrxCa1−x)10(PO4)6(OH)2 [87].
The numerical value of g is estimated as the ratio of Zmean of the ’Strontium apatite’
SrA = Sr10(PO4)6(OH)2 and the normal hydroxyapatite HA = Ca10(PO4)6(OH)2.
Insertion of the values for Zi and Ai (taken from [142]) and application of (3.22) to HA
and SrA yields for a 5% concentration of Sr atoms,
g = Zmean((1− x)HA+ xSrA)
Zmean(HA)
x=0.05= 1.06. (3.23)
The uptake of 5% Sr atoms in the bone can be simulated with a 6% increase in the
mineralization kinetics. The dependence of g on the concentration x is shown in Figure
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3.6. Note that a conversion from gray level into calcium content is not reasonable for a
mineral phase which includes also strontium. For this reason the resulting BMDD (e.g.
Figure 3.6: Estimation of g for changing concentration of Sr.
Figure 3.11) is plotted as a function of the Backscattered Electron Gray Level (BE-GL)
or the ’apparent Ca content’.
3.4 Disturbed mineralization kinetics compared to turnover
changes
Observed deviations from the healthy reference BMDDs are BMDDs that can be shifted
to low and to high calcium contents. This shift however can have two different origins:
a left shift of the BMDD is obtained by either reducing the mineralization kinetics or
by increasing the turnover. A shift to a high calcium content is caused by an opposite
scenario, namely an increase in mineralization kinetics or a decrease in turnover. Two
parameters are changed to simulate the time evolution of the BMDD. For the minerali-
zation kinetics this is the parameter g and in case of a turnover change we modify the
turnover time tTO (see section 2.3.3).
In the following, the differences between the effects on the BMDD obtained by a dis-
turbed mineralization kinetics and a turnover change are presented in two ways. First
BMDDs which approached the steady state for different g and for different turnover times
tTO are compared regarding the parameters CaMean, CaPeak and CaWidth (see section
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2.3.2 for their definition). Additionally, two steady state BMDDs are shown for 6% in-
creased and a 6% decreased mineralization kinetic together with steady state BMDDs
having the same peak position but are obtained by a turnover change. The 6% increase
is motivated by the treatment of osteoporosis with Sr ranelate (see section 3.3.3). For
"reasons of symmetry" the decrease in mineralization kinetic is also 6%. In the second
part, the transient phases of the BMDDs are investigated which result in the long run in
the before described steady states. For the transient states, the time evolution CaWidth
is presented. In the case of BMDDs with double peaks, the standard deviation CaStd
is calculated instead. The time constant with which the changes in the mineralization
kinetic and in turnover occur, are the same and chosen as tch = tEFF = 1y.
3.4.1 Steady state BMDDs
BMDD parameters of the steady state BMDDs
In steady state, all bone packets mineralize according to the same new mineralization
law, i.e. limt−>∞h(t) = g and (3.14) is M(a) = g · m(a). The obtained steady state
distributions and the corresponding BMDD parameter are presented in the left column
of Figure 3.7. All BMDD parameter linearly correlated to g and can be estimated as
CaMean ≈ g · 22.20wt%Ca
CaPeak ≈ g · 22.94wt%Ca
CaWidth ≈ g · 3.30wt%Ca.
(3.24)
This linear relationships are not found for BMDD parameters when the turnover is
changed, see Figure 3.7 right. The corresponding parameters of the steady state BMDDs
are adapted from [14]. An increase in turnover rate leads to a non-linear decrease in
CaMean and CaPeak. For a four times increased turnover time the corresponding CaWidth
reaches the smallest value.
Figure 3.7 returns a map which can be used to find out how g or tTO must be changed
to obtain an equal value for a BMDD parameter (gray dotted line in the Figure). For
instance the same value for a 6% lowered CaPeak is obtained by either choosing a 6%
reduced g or a four times increased turnover rate.
Similar BMDDs are obtained when either the mineralization kinetics is reduced or the
turnover is increased. The corresponding BMDD parameters show a similar behavior
in CaWidth and CaPeak. This is not the case when comparing the parameters for an
increased g and a reduced tTO. For example, assuming a 6% increased CaPeak then
the shift of the BMDD is obtained by increasing g by 6%. The turnover however has
44
Influence of mineralization kinetics and the measurement process on the
bone mineralization density distribution (BMDD)
Figure 3.7: Analytically derived steady state parameter CaMean, CaPeak and CaWidth
for different g (left) and different turnover times tTO (right). Intersecting
points of dashed lines for g = tTO = 1 with parameters correspond to healthy
reference values. Dotted line indicates which g should be chosen to obtained,
e.g. for the same peak, with a changed tTO. Note that tTO < 1 corresponds
to increased turnover, see section computermodels.
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CaPeak Dev. Ref CaMean Dev. Ref CaWidth Dev. Ref
Healthy 22.98 wt% 22.20 wt% 3.26 wt%
ML (-6%) 21.60 wt% -6% 20.85 wt% -6% 3.11 wt% -5%
TO (4x) 21.60 wt% -6% 19.20 wt% -13% 2.92 wt% -10%
ML (+6%) 24.35 wt% +6% 23.50 wt% +6% 3.45 wt% +6%
TO (0.25x) 24.35 wt% +6% 25.10 wt% +13% 7.42 wt% +128%
Table 3.1: BMDD parameter of the steady state shown in Figure 3.8 when either the
mineralization is reduced or increased by 6% or when the turnover is 4 times
increased or decreased. The deviation from the healthy values is given in the
Dev. Ref. columns.
to be reduced by 75% to reach the same peak position. Also CaWidth becomes much
broader than for a change in the mineralization kinetics, see Table 3.1. In summary,
by changing either the mineralization kinetics or the turnover similar BMDDs are only
obtained when shifting them to lower calcium contents.
The BMDDs obtained for an either 6% increased or decreased g are shown in Figure 3.8
together with the BMDDs having the same peak position but which are obtained by a
turnover change. The similar shape in case of a left shift of the BMDDs differs slightly
in the higher amount of lowly mineralized bone when the turnover is increased. When
Figure 3.8: Steady state BMDDs reached for (A) mineralization reduced by 6% and turn-
over 4-fold increased and (B) mineralization increased by 6% and turnover 4
times reduced.
46
Influence of mineralization kinetics and the measurement process on the
bone mineralization density distribution (BMDD)
the BMDDs are shifted to higher calcium contents the amount of high mineralized bone
is larger in the BMDD obtained by reduced turnover than increasing the mineralization
kinetics. The corresponding BMDD parameters for the two scenarios are summarized
in Table 3.1. The largest change in shape of the distribution is reflected by the large
increase in width when the turnover is reduced. The 6% in the peak shift leads to 13%
change in the mean value when the turnover is changed while this change is smaller (6%)
when the mineralization kinetics is modified.
3.4.2 Transient states of the BMDD
Decreased mineralization kinetics compared to an increase in turnover
The reduction in the mineralization kinetics leads to a similar steady state when the
turnover is increased. The transient states of these scenarios however, reveal a different
behavior, see Figure 3.9. When the mineralization kinetics is reduced, the initial peak
is slowly removed and gets narrower, Figure 3.9 A. The newly formed bone creates tem-
porarily a new peak which enters at the left and slowly grows in time. The new peak
Figure 3.9: Shift of the BMDD to lower calcium contents with transient states. De-
crease of mineralization kinetics by 6% (continuous lines) compared to 4
times increased turnover (dashed) scenario for early (A) and late (B) stages.
The reduction of the mineralization kinetics leads to a slow lowering of the
initial peak which is still present after ten years. The new equilbrium is
reached faster with a turnover increase than with a reduction in mineraliza-
tion kinetics.
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becomes broader and slowly moves to its final position which is reached after roughly
ten years. Old mineralized bone still present after ten years, is continuously removed,
Figure 3.9 B.
In comparison with the time development of the BMDD obtained by an increased turn-
over, the initial reference peak is lowered faster and disappears virtually after three years.
Also in this case new peak appears which grow fast, but the time during which the two
peaks co-exist is shorter than in the first scenario. After about seven years the steady
state is reached.
Due to the appearance of double peaks the corresponding standard deviations of the
transient BMDDs are calculated (and not the width) and shown in Figure 3.10. A
change in mineralization induces a small increase of the standard deviation in the first
three years which continuously reduces with time. Increasing the time constant, which
describes how fast the change in mineralization occurs, slows down this behavior and
also reduces the standard deviation. The increase in turnover leads to a large increase
of the standard deviation within three years. The steady state is reached very fast and
CaStd remains high.
Figure 3.10: Time evolution of CaStd for BMDDs in Figure 3.9. Gray straight line shows
the reference value. Continuous lines show CaStd for a decrease in mine-
ralization kinetics for a time constant tch = 1y and 10y. The higher time
constant shows a more homogeneous behavior as indicated by the slower
increase in CaStd.
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Increase in mineralization kinetics compared to a decrease in turnover
The increase in mineralization kinetics leads to a shift of the BMDD to high calcium
contents. The shape of the BMDD differs from the distribution obtained by a reduced
turnover as previously described. Their transient states however, are quite similar for
a time period of approximately ten years, see Figure 3.11. In both cases the curves get
narrower for longer time and shift to higher gray levels. During increased mineralization
the BMDD is initially broader within the first year, becomes more homogeneous in the
following and also moves a bit faster to higher values compared to the turnover changed
BMDD.
Figure 3.11: Shift of BMDDs to higher gray levels with transient states for early (A) and
late (B) stages. In this scenario the shift of the BMDD is a bit faster when
the mineralization kinetics (continuous lines) is 6% increased compared to
a 4 times decreased turnover (dashed lines). The blue curve represents
the BMDD after three years treatment with Sr ranelate (courtesy of P.
Roschger).
Since the value of g = 1.06 is obtained by considering the incorporation of strontium in
the bone the resulting BMDDs can be compared to experimental data. The experimental
data in Figure 3.11 (blue curve) represents a BMDD after three years of treatment
(courtesy of P. Roschger). Neither the increase in mineralization kinetics (continuous
lines) nor a decrease in turnover (dashed lines) reaches the experimental BMDD after
three years but only after seven years.
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The time development of the corresponding width of the transient BMDDs is plotted in
Figure 3.12. The most homogeneous configuration of the BMDD is obtained after 4.6
years where the width has the smallest value. The largest width is found for very late
times. A ten times larger time constant leads to more homogeneous development of the
BMDD. The initial broadening is less expressed and within 20 years this remains the
largest width.
Figure 3.12: Width of the BMDDs for increased mineralization kinetics (continuous
lines) for different time constants tCH compared to width of BMDDs ob-
tained by a decrease in turnover (dashed). Gray lines mark the width of
the reference BMDD and the steady state BMDD simulated with increased
mineralization kinetics (dotted). The width of the BMDD after treatment
with Strontium ranelate is shown by the star.
3.5 Discussion
For a fruitful interplay between experiment and simulation, considerable effort has to be
spent to make the outcome of both comparable. In particular, simulations always have
to take into consideration the limitations of the experiment. Two corrections typically
have to be made. First, whenever data from an experiment is used as model input, it has
to be corrected for unwanted influences of the measurement process. Second, before the
direct comparison between experimental and simulational results occurs, the theoretical
results should be subjected to the same limitations as occurring in the experiment.
This approach is applied to measurements of the mineral heterogeneity of bone us-
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ing quantitative backscattered electron imaging (qBEI). The experimental result is a
probability distribution of the differences in the mineral content in bone (BMDD). The
experiments are complemented by mathematical modeling. The model considers both
the processes of remodeling and mineralization and allows predicting the time evolution
of the BMDD.
Based on qBEI measurements of homogeneous materials (carbon and aluminum), the
compromising influence of the measurement could be quantified in form of a matrix which
connects the "true" and measured distributions. The small determinant and resulting
poor invertability of the matrix makes the use of regularization for the (approximated)
inversion indispensable. Using the Tikhonov regularization method, it is tested that the
main parameters, CaWidth and CaPeak, of the deconvolved distribution are robust to the
choice of the regularization parameter λ, when λ stays within a range of +/- 50%.
Applying the deconvolution method to the reference BMDD is particularly important.
Deviations from this reference BMDD are used for diagnostic purposes. Therefore an
accurate definition of the healthy reference is needed. The present work demonstrates
that the width of the reference BMDD is slightly overestimated due to two separate ef-
fects. The measurement by counting backscattered electrons causes a broadening, which
can be estimated by deconvolving the distribution. The interindividual variability of
healthy individuals makes it necessary to take the average over 52 BMDDs in defin-
ing the reference BMDD. This averaging also increases the width of the distribution.
Both contributions have the effect that the corrected CaWidth of the reference BMDD is
about 8% smaller than the previously reported value [108]. We want to emphasize that
this correction is nevertheless clearly within the 95% confidence interval of the reference
BMDD, outside which bone diseases are diagnosed. In addition, an accurate definition
of the reference BMDD is important since conclusions from it can be drawn about the
mineralization kinetics. The mineralization law calculated from the deconvolved BMDD
shows that the incorporation of mineral occurs faster during the first six months after
bone formation. The deconvolved reference BMDD and the corrected mineralization law
serves as input for the simulation of the disturbed mineralization kinetics.
In this second part, the aim is to quantify and distinguish the influence on the BMDD
resulting from: a) a change in the mineralization kinetics and b) a change in the remodel-
ing process. In the case a) of the simulation the remodeling process (i.e. the remodeling
rate) remains unchanged, while in case b) the mineralization is kept normal.
Within a given range the same peak position of the BMDD can be reached by changing
either the mineralization kinetics or the turnover. The left shift of the BMDD achieved
through reduced mineralization or increased turnover leads in both cases to an increased
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heterogeneity in the transition phase. The main difference between the two scenarios
is that with a reduced mineralization velocity the steady state is reached slower than
during an increased turnover scenario.
The shift of the BMDD to a higher calcium content, caused by increased mineralization
kinetics or a reduced turnover, does not reveal large differences in the transition phase.
Both processes lead transiently to a more homogeneous, i.e. narrower distribution. In
this scenario the increased mineralization kinetics lead faster to the steady state than a
reduction in turnover.
A right shift of the BMDD can be caused by the drug strontium ranelate which was given
in a clinical study to a patient for three years. It probably reduces the turnover and is
incorporated into the bone matrix in addition to calcium. This leads to an apparently
increased mineral content in the BMDD even though there is no disturbed mineraliza-
tion [116, 87]. This apparent increase was simulated by a 6% increased mineralization
kinetics. After three years, the experimental curve is not reached, only after seven years
there is an overlap with the measured BMDD. An additional reduction in turnover in the
model does not lead to a further shift but a narrowing of the BMDD (data not shown).
The mismatch between experiment and simulation may be due to an underestimation
of the time dependent factor h(t) which is assumed as exponential function with a time
constant tch = 1y. However, a value of tch = 0y corresponding to an immediate switch
from normal to final (disturbed) mineralization kinetics also does not lead to a much
faster shift of the BMDD to higher values. Therefore assuming another function h(t)
would not result in a faster shift of the BMDD to higher values. What actually leads
to the shift of the experimental BMDD remains unclear. From this study it can be
concluded that it is not only due to a substitution of calicum by strontium atoms.
The decrease in mineralization kinetics in the model can be interpreted as a lack of
suitable space for the mineral to grow in the collagen matrix. The result would be a
lowly mineralized bone which appears in the bone disease osteomalacia. Osteomalacia is
related to a defective mineralization [82] and a degenerated collagen matrix. The matrix
offers too few nucleation sites for the mineral to crystallize, thus inhibiting a further
growth of the crystals which leads to a low mineralized bone. The corresponding BMDD
shows a shift to low calcium contents, see Figure 2.4. The peak position is easily reached
by decreasing the mineralization kinetics by 14%, however the experimental data also
show a very broad distribution which is not obtained in the simulation. The transient
BMDDs show a lowering and a strong broadening of the peak (not shown). Based on the
simulations the measured BMDD can be interpreted as a transient state which would
develop at low mineral contents when the effect of the disease continues.

4 Mineralization in trabecular bone
observed in vivo
In this chapter a method is presented which allows evaluating the mineralization process
in mice bone in vivo by the use of micro-CT images. The provided images are obtained
from a measurement described in section 2.4.1. The aim of the image evaluation is man-
ifold. The question is asked weather it is possible to quantify the mineralization process
in newly formed and quiescent bone. Since the images monitor the time development
of the same bone it can be asked if osteoclasts resorb bone with a higher/lower mineral
content than average. As a lost point the influence of the mechanical stimulus on the
mineralization process can be characterized.
In the first section the evaluation method is presented by showing the procedure for one
mouse. Subsequently the results are presented which include the data of all mice of the
experiment. The chapter is closed with a discussion about the results and the applied
method.
4.1 Mineralization evaluation depending on the distance to the
surface of trabecular bone
4.1.1 Data analysis - Division of trabecular bone into layers
The obtained micro-CT images allow investigating the mineralization process in the same
bone of the same animal. Such a reconstructed three-dimensional image of an entire
vertebral mouse bone and a lateral cut are shown in Figure 4.1. In addition regions of
newly formed and resorbed bone can be identified when the images of the different time
points are aligned and overlapped [13], see Figure 4.2 bottom. The overlapping of images
with one week time distance allows categorizing the bone in regions of bone formation
and bone resorption [13]. Bone only present in the earlier image is defined as resorbed
and as formed bone in the later image. The unchanged, i.e. not remodeled bone volume
is referred to as quiescent bone.
Before analyzing the images two problems have to be faced, which are first the partial
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Figure 4.1: Example of the investigated vertebra in the mouse tail. Left: reconstructed
scans of the vertebra in the mouse tail. Right: A cross section of the vertebra
shows the cortical and the trabecular bone.
volume effect and second the beam hardening effect. The voxels of the surface of the
bone are afflicted by the partial volume effect. The volume which is presented by the
voxel at the surface could be partly filled with bone and partly filled with surrounding
soft tissue (marrow blood etc). Therefore the voxel displays a gray level which is too
low. Consequently, the surface layer is excluded in the evaluation. In the voxels beneath
the surface the partial volume effect is marginal.
The second problem is the beam hardening effect (see section 2.4.1). It is known that
beam hardening leads to a decrease in intensity when moving from the surface towards
the center of cylindrical structures [143]. Therefore only voxels of the different bone
categories are compared which have the same distance from the surface. For this purpose
the whole trabecular bone is subdivided into ’layers’. Starting from the outer surface
of the bone, always the outer layer is peeled off from the surface. Each layer has a
thickness of one voxel. In this way the first layer (corresponding to the surface layer),
second layer and so forth are defined (Figure 4.2 top middle shows this analysis up to the
sixth layer). The trabecular architecture and the resolution of the µCT images implicate
that the first layer consists of the largest amount of voxels (34%) compared to 28% in
the second and 20% in the third layer. The evalution focuses on the second and third
layer. The subdivision of the bone into layers is performed for every mouse and all the
five time points.
The gray level images are evaluated in two ways. First, gray level histograms of bone
formed or resorbed within one week are calculated for each mouse. The histograms are
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Figure 4.2: Procedure of image evaluation. Top left: Cross-sectional slice of trabecular
bone. Brighter gray levels show higher, darker gray levels a lower amount
of mineral in the bone. Top middle: The trabecular bone is divided into
one voxel thick layers (indicated by the different colors) to confine the beam
hardening effect (see text). Three dimensional scheme of the layer analysis
is shown at the top right. Layer 1 comprises all voxels at the surface; layer
2 all nearest neighbor voxels of layer 1 and so on. Bottom left and middle:
Two cross-sections showing the same part of the vertebra at two different
time points in the living mouse. Bottom right: The comparison between the
images allows the subdivision of the trabecular bone into three categories:
formed (yellow), resorbed (blue) and quiescent (bright gray). The scale bars
denote 105 µm.
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normalized to have a total area of one. Therefore they display the probability to find
resorbed (formed) bone with a given mineral content. In the same way, the distributions
of quiescent bone are obtained. The probability distributions are averaged over all mice
in each category (formed, resorbed or quiescent) in one group since no difference is
found within one group (loaded or control). Thus one distribution for each category for
one group is obtained which is compared to a reference distribution. The reference is
calculated from all voxels in a given layer of the control group and contains all voxels
independent of the category formed, resorbed or quiescent.
The second way to evaluate the images is to follow the mineral content of all the voxels
corresponding to bone formed in the first week, over the consecutive three weeks. In
the same way, all the bone resorbed in the last week is traced back in time. Due to
the ongoing remodeling, a bone voxel initially in the second layer can change its layer
with time. For example, the voxel can be found in the surface layer if bone above is
resorbed. It can also move deeper inside if bone is deposited on top of it. Due to the
beam hardening effect the beam intensity changes with the distance from the surface, i.e.
from layer to layer. Therefore the most accurate way to evalute the changing mineral
content with time, is to consider voxels which stay in the same layer over the entire time
of observation. The same holds for the voxels, resorbed in the last week. Such evaluation
allows a direct quantification of the mineralization kinetics after bone formation and the
demineralization kinetics before resorption.
From the followed voxels the mineral distributions are calculated for each time point,
mice and categories. A mean mineral content is calculated for each distribution returning
nine values at every time point for each category. The mean values are averaged returning
an averaged mineral content for each time point with a corresponding standard error.
4.1.2 Data analysis - Conversion of gray levels in mineral content
A quantification of the gray levels in terms of mineral content is possible after calibration
of the images with a phantom containing different concentrations of hydroxyapatite
[12]. Therefore a polynomial correction algorithm was applied before reconstruction
of the images . The resulting images are also gray level images but their gray levels
correspond to a defined mineral content c(GL) given in mg of hydroxyapatite (HA) per
cubic centimeter. The corresponding linear relation is given by
c(GL) = mGL+ n. (4.1)
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The slope m = 0.07mgHA
cm3 and the intercept n = −193.41
mgHA
cm3 are obtained from the
algorithm and correspond to the slope and the intercept relating the mineral concentra-
tion to linear attenuation µ which equals the gray level GL. The linear relationship is
shown in Figure 4.3. In the following all gray levels are converted into mineral content
by using (4.1).
Figure 4.3: Linear relation between gray level and mineral content in units of mgHA
cm3 .
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The first result is shown in Figure 4.4. The left plot shows the gray level histograms as
a function of the distance from the bone surface, i.e. as a function of the layer number.
Only the histogram of the surface layer (first layer) is afflicted by the threshold (≈320
mgHA
cm3 ) since it coincides with the smallest value shown in the Figure. With increasing
distance from the surface, the histogram shifts to larger values of the mineral content
and becomes broader. The corresponding mean values of the mineral content (right
Figure 4.4) are not different for the control group and the loaded group. The values lie
within the error bars.
Next, the distributions of the mineral content are analyzed within the different categories
of formed, resorbed and quiescent bone. All micro-CT images measured with one week
time difference are considered, resulting in 36 data sets for the control and 36 for the
loaded group. Within the one week time interval it is found that most of the bone in
layer 2 and layer 3 is not remodeled (see Table 4.1). Not surprisingly, the amount of
remodeled bone is even less in layer 3 compared to layer 2. In Figure 4.5, the correspond-
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Figure 4.4: Mineral content depending on the distance from the trabecular surface. Left,
mineral distributions for bone as a function of the layer number. The thresh-
old value for the binarization of the micro-CT images corresponds to the
lowest value of the x-axis in the diagram. Colored curves correspond to the
control group, the gray lines to the loaded group. Error bars correspond
to the standard deviation. Right, mean values of the mineral content with
standard deviation as a function of the layer number.
layer 2 layer 3
formed control 2.93 ± 1.35% 0.27 ± 0.21%
loaded 4.27 ± 2.36% 0.62 ± 0.82%
resorbed control 5.21 ± 3.09% 1.74 ± 1.37%
loaded 3.73 ± 1.82% 1.09 ± 0.74%
quiescent control 91.86 ± 4.08% 97.99 ± 1.45%
loaded 92.00 ± 4.00% 98.29 ± 1.48 %
Table 4.1: Amount of voxels in the different categories. The percentage of voxels in each
animal group (control and loaded) and in each category (formed, resorbed
and quiescent) for layer 2 and 3. Layers include voxels with the same distance
from the trabecular bone surface. Reported errors correspond to standard
error.
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ing mineral density distributions are shown for layer 2 and 3. They are averaged within
the loaded and unloaded group for newly formed and resorbed bone. For formed bone
(Figure 4.5 left), the distributions are shifted to lower values of the mineral content with
respect to the reference distribution. The peak position of the distribution of layer 2 is
shifted by 74 mg HA/cm3, that of layer 3 by 132 mg HA/cm3 to lower mineral contents
compared to the reference. In addition, for layer 2 the distribution is narrower than that
of the reference. Also for resorption (Figure 4.5 right), the distributions are shifted to the
left in comparison with the reference, but less and with less difference between the two
layers: 46 mg HA/cm3 for layer 2 and 48 mg HA/cm3 for layer 3. Observed differences
between the loaded and the control group are within the standard error. With most of
the bone in layer 2 and layer 3 not being remodeled (see Table 4.1), the distribution of
quiescent bone (not shown) is almost identical to the reference distribution.
Figure 4.5: Distributions of mineral content of formed and resorbed bone compared to
the reference distributions. The presented distribution are averaged from all
distributions obtained for the first one-week interval and every mouse. Left:
The distributions of formed bone of the control and the loaded group are
both shifted in layer 2 and layer 3 to lower mineral contents compared to the
corresponding references. Right: The distance between the distributions of
resorbed bone and the reference show that in the second and third layer, lowly
mineralized bone is resorbed. Since the distributions only show the bone that
was resorbed within one week, the last step of the resorption process is seen,
indicating that the bone is already demineralized. What happened before
this step is demonstrated in Figure 4.6.
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The time evolution of the averaged mineral content in formed, resorbed and quiescent
bone is shown in Figure 4.6. In the analysis of bone in layer 2 (Figure 4.6, left) formed
bone starts with the lowest value of the mineral content, reaching after three weeks
97% of the reference value. Also for quiescent bone the mean values of the mineral
content increases, but the starting point is slightly above the reference value. Interest-
ingly, considering resorbed bone, the mineral content dropped by 4% one week prior to
resorption. The analysis of the third layer (Figure 4.6, right) give qualitatively similar
results. A linear regression of the data demonstrates that the slopes for quiescent bone
is higher for the loaded group in comparison with the control group. The difference
between the slopes is roughly 5mgHA/cm3 per week when considereing layer 2 and
layer 3. Furthermore, comparison of the slope of quiescent and formed bone show that
the mineralization kinetics is faster. Here the difference between the slopes is about
22mgHA/cm3 per week.
Figure 4.6: Time evolution of averaged mineral contents in layer 2 (left) and layer 3
(right). Both layers give qualitatively similar results. The increase of mineral
content with time is faster in formed bone than in quiescent bone in both
layers (see text). Considering resorbed bone, the mineral content dropped
by 4% one week prior to resorption. A slightly larger increase in mineral
content is seen in the loaded group in quiescent bone.
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In this study the structural changes of trabecular bone in a mouse vertebra as detected
by in vivo micro-CT are analyzed. On the one hand, the trabecular architecture changes
due to bone remodeling. This architectural change can be detected by determining dif-
ferences between aligned micro-CT-images of the same vertebra at different time points.
On the other hand, the material within the trabeculae changes due to mineralization.
The gray levels of micro-CT images give information of local differences of the mineral
content within the trabeculae. Combination of the information on both hierarchical
levels allows a quantification of the mineralization kinetics after bone formation and the
demineralization kinetics before bone resorption.
The evaluation of the gray levels of micro-CT-images shows that the further away the
bone is from the surface the higher is its mineral content (Figure 4.4) which is in agree-
ment with [144]. This is contrary to what is expected for a homogeneous material under
effect of beam hardening [143]. The increase of the mineral content with the distance
from the surface can be explained as an age effect. On average younger bone is found
closer to the surface and older bone more in the middle of the trabeculae. Older bone
had more time to mineralize, which explains the higher mineral content of bone in the
core of the trabeculae.
The mineralization kinetics can be quantified by monitoring all the bone which is newly
formed within the first week over the consecutive three weeks. In the same way the
mineral content of quiescent bone and bone before resorption can be quantified. The
most important findings are: (i) newly formed bone mineralizes faster than quiescent
bone by almost a factor of two. This result is in agreement with the known slowing down
of the mineralization process with the classification in a fast primary mineralization and
a slower secondary mineralization [14]. (ii) Mechanical load increases the rate of mineral
incorporation into bone. Here the increase is roughly 40%. Due to the much larger
number of voxels included in the analysis, this result is highly significant for quiescent
bone, but not for newly formed bone. (iii) In the week before the bone is resorbed the
mineral content decreases. This is also in agreement with reports in literature. Osteo-
clasts first dissolve the mineral by building and acidic environment around the resorption
site, before the collagen matrix is degraded [49, 51]. The presented method allows for
the first time to quantify the kinetics of this demineralization. Since the surface layer is
always excluded form the analysis, it has to be emphasized that really a demineraliza-
tion is observed and not already bone resorption. (iv) Furthermore, the question can be
addressed whether the osteoclasts have a preference to resorb bone with a particularly
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high or low mineral content. A high mineral content would be expected when osteoclasts
remove micro-damaged bone, which is on average older and therefore higher mineralized
[145]. The contrary that osteoclasts resorb bone of low mineral content is based on the
rationale that resorption initiates from the surface, where the mineral content is lower
[91, 98]. The mineral distribution of the bone one week prior to resorption (Figure 4.5)
seems at first sight to endorse neither of the two hypothesis: as this bone has the same
mineral content distribution as the reference bone two to three weeks before resorption
(Figure 4.6) the investigations give no evidence that osteoclasts prefer to resorb bone of
a particularly high or low mineral content.
The limitations of the proposed method are set by the accuracy of the determination of
the structural changes. As discussed in [13] in weekly measurements the resolution of
10.5 µm is sufficient to obtain volumes of formed and resorbed bone. The volumes are
large enough to be detected, although an even higher resolution would be desirable. An
imperfect alignment of images of the same bone taken at different time points results in
a systematic error of the obtained rates of bone formation and resorption towards too
large values. The good agreement with results from histomorphometry testifies about
a successful alignment of the images. The current study further support that the used
alignment algorithm is working and that it is possible to monitor a defined bone volume
in time. Only based on a reasonable alignment of the images, the obtained mineraliza-
tion kinetics of newly formed bone (Figure 4.6) can be understood.
The main problem for a quantitative interpretation of the measured gray levels in terms
of local changes in the mineral content is the beam hardening effect. In the present study
its effect is minimized due to the following reasons. Firstly the cortical shell results in a
pre-hardening of the beam. Secondly, a correction algorithm was applied in comparison
with a hydroxyapatite phantom including 200 mgHA/cm3 [12]. Thirdly, it was shown
that particular care to avoid beam hardening artifacts is necessary when bone samples
of different size are analyzed [146]. In our case, the studied vertebrae are not only of
similar size. The five micro-CT-images that are aligned and evaluated have virtually
even the same microarchitecture. Fourthly, in the analysis only bone is included, which
is positioned in the same way in the trabecular architecture. Bone is considered to stay
in the same "layer" (see Figure 4.2) and therefore has a similar distance from the trabec-
ular surface. The beam hardening can only be avoided by using monochromatic x-ray
radiation as offered by a synchrotron. However, while the radiation dose, to which the
animal is exposed in a series of micro-CT measurements, does not interfere strongly with
bone biology [147], the same statement is doubtable when using synchrotron radiation.
It has to be emphasized that the main results of the study are independent of a perfect
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beam hardening correction. This is because the results are obtained by comparison be-
tween the gray level distributions of the three different categories of formed, resorbed
and quiescent bone in the same layers in the loaded and control group.
The detailed analysis of structural changes due to bone remodeling and mineralization
with in vivo micro-computed tomography will be limited to small animals like mice for
the near future. With the availability of diverse disease models in these animals the
presented method allows to study changes in the mineralization kinetics in bone dis-
eases like osteomalacia or osteogenesis imperfecta. A further important application is
the study of how pharmaceutical therapies interfere with bone mineralization.

5 Remodeling in cortical bone of horses
In this section a new approach to quantify the spatial arrangement of osteons in cortical
horse bone is presented. The aim is to go beyond simple counting of osteons and their
classification within an area of cortical bone. The idea is to link the arrangement to a
possible physiological meaning in terms of nutrient supply of the osteocytes in the bone.
In order to quantify the spatial arrangement a simple model is introduced which produces
images that are gradually filled with osteons. The simulated images are compared to the
experimental images by calculating first the autocorrelation function (ACF), which de-
scribes the probability of finding two canals separated by a given distance and second the
shortest distance distribution (SDD), which describes the probability that a site within
bone is located at a given distance from the nearest canal. This model was published in
[148]
The discussion about all the experimental results can be found in appendix C. The com-
parison between the experimental and simulated results should provide insights in the
’laws’ governing the remodeling process in cortical bone therefore a more physiological
interpretation of the introduced model is presented in the discussion of this chapter.
5.1 Quantification of the osteonal arrangement in horse bones
5.1.1 Simulation of the ordered arrangement of osteons
Cortical bone is considered as a two-phase material in which the blood-filled canals
(depicted in black) are one phase and the bone tissue (depicted in white, including
lamellae, osteocyte lacunae, cement lines, etc.) as a second phase. In the computer model
the hypothesis is tested whether an "effective repulsion" between canals can explain the
observed order. To test this hypothesis the following rule is introduced in the model:
each added osteon, represented by its canal, is encircled by a given area within which it
is forbidden to place another osteon. The circular exclusion area around each canal, is
described by the exclusion radius, Rexcl. This model is usually referred to as cherry-pit
model [149].
The simulation starts with an empty image with dimensions slightly larger than those of
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the experimental images. This allows placing canals also at the boundary of the image.
Only a region of interest identical to that of the experimental images is used for the
analysis. New canals are created sequentially using an algorithm of three steps. The
canals are assumed as a circle of uniform size with a defined canal radius. This radius is
an averaged value obtained from the experimental images and is for the horseRca = 28.17
µm. In the first step of the algorithm, a potential position of a new canal is chosen
randomly. In the second step, it is tested, whether the new canal would overlap with
Figure 5.1: A sketch of the RSA of osteons highlighting the process of adding a new os-
teon In the model an osteon is characterized by the size of its canal (marked
in black), Rca, and by its exclusion zone (gray) given by the exclusion ra-
dius, Rexcl. A: An unsuccessful addition occurs if the exclusion zones of two
osteons overlap. B: A successful addition occurs in the simulation if there is
no overlap of the exclusion zones.
another exclusion zone. In the third step, the algorithm offers two possibilities. If there
is no overlap of exclusion zones of any of the existing canals (Figure 5.1, Case B), the new
canal is added to the simulation image. In the case of an overlap (Case A), an alternate
position for a new canal is again chosen randomly. This random sequential addition
(RSA) [149] process is continued until the appropriate density of canals (determined
from an average of the experimental images) is obtained. The choice of a too large
exclusion radius would make it impossible to reach the designated density of osteons.
The model is intended to produce an arrangement of osteons with some order, but not
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to precisely mimic the remodeling process. Therefore, removal of old osteons by the
formation of new ones is not included in the model. The analysis rather concentrates on
the spatial organization of the canals (the structure factor) and not on the effect of the
different sizes and shapes of the canals (the form factor).
From the obtained image the auto correlation function (ACF ) is obtained. The auto
correlation function is a standard function to describe order in a structure with two
phases [149], e.g. objects dispersed in a matrix. The ACF has been used to analyze
biological structures such as the arrangement of tubules in dentin [150] and capillaries
in the prostate gland [151]. The ACF is calculated by subtracting the area fraction
φ from the calculated two-point correlation function, S2(r). The latter quantifies the
probability to find two black pixels in the image at a distance r. The ACF yields
ACF (r) = S2(r)− φ2 (5.1)
The subtraction of φ has the convenient consequence that the ACF approaches zero for
large values of r indicating the loss of spatial correlation over large distances. Figure
5.2 shows three instructive examples of extremes in terms of order of circular canals
depicted in black (Figure 5.2, middle row) and their corresponding ACFs (Figure 5.2,
top). All three arrangements contain the same number (and size) of canals, but they
differ clearly in their spatial arrangement, ranging from perfect (quadratic) order (left)
to a completely random arrangement of the canals (right). The central image is an
actual binarized image of cortical horse bone. For small distances, the ACF is almost
identical for all cases, since only information about the average size and shape of the
objects is rendered. The location of the first zero of the ACF is related to the average
size of the canals. The first minimum gives the distance at which it is least likely to find
another neighboring canal. For a random arrangement, the ACF becomes zero for values
larger than the diameter of the canals, corresponding to a lack of correlation between the
positions of the canals (Figure 5.2, top row, right). Deviations from zero are only due to
the finite size of the image, which is comparable to the size of the experimental images.
The ACF for the perfectly ordered arrangement of canals displays clear oscillations with
well-defined peaks. The position of the first peak corresponds to the smallest distance
between the centers of two canals. Likewise, the position of the second peak, third
peak and so forth correspond to the distance between the second nearest canals, third
nearest canals, and so forth. The partial order in the arrangement of canals is reflected
in the oscillations of the ACF (Figure 5.2, top row, center). The oscillation dampens
out rather quickly, showing only two clear peaks, which suggests that the order in the
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osteonal arrangement is relatively short-ranged, over a distance of ≈ 500 µm.
The second function used to investigate the structural organization of osteons is the
shortest distance distribution (SDD). The SDD describes how far away a region of bone
material is from its nearest canal. As the blood vessel within the canal serves as source
of nutrients for bone tissue, the SDD has a direct physiological significance; it reflects
the efficiency of the nutrient supply to the bone. The starting point of the calculation
of the SDD is the shortest distance map (Figure 5.2 right), which gives the minimum
distance for each bone pixel to the nearest surface of a canal. The SDD is then the
Figure 5.2: ACFs (upper row) and shortest distance maps (lower row) for three types
of images (middle row). All three images have the same area fraction of
black circles. The left column describes a perfectly periodic organization
of the black circles, while the right column refers to a completely random
distribution. The middle column refers to the arrangement of canals as
observed in an horse image, where the canals are replaced by black circles
of uniform size. The shortest distance maps are used to calculate the SDDs
between the canals and the surrounding bone. Adapted from [148] with
permission.
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frequency distribution (or histogram) of distances found within such an image.
In the model the same density of canals as in the experimental image is used. This
allows a direct comparison with experimental results. With such a model the influence
of a larger or smaller exclusion radii on the ordered arrangement of the osteons can be
investigated. Or in other words how a varying "repulsion" between osteons influences
their order. A certain variability of the exclusion radius has to be introduced to be
in agreement with experiments which is assumed to be normally distributed, with the
standard deviation σ as second parameter of the model.
Figure 5.3 shows the influence of the two parameters of the normal distribution, the mean
(=exclusion radius) µ and its standard deviation σ, on the auto correlation function
(ACF). An increase in µ (Figure 5.3, right) increases the order, as demonstrated by
the deep first minimum and clear first maximum of the ACF. An increase in σ (Figure
5.3, left) reduces the order. In addition, the slope between the first minimum and first
maximum distinctly increases as σ increases. The results were averaged over multiple
simulation runs.
The parameters in the simulation are adapted to model the order in bone tissue of the
Figure 5.3: ACFs of simulated images of the arrangement of canals. The exclusion radii
of the osteons placed in the image following a RSA process are assumed
normally distributed, with mean µ and standard deviation σ. The influence
on the ACF function is different in the case of constant σ and different values
of µ (left), or constant µ and different values of σ (right).
horse radius and the different anatomical locations in the metacarpal of the horse. The
best matching parameters for the exclusion radius Rexcl and the corresponding standard
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deviation σ are chosen by calculation of the mean squared error (MSE). The MSE is
used to quantify the difference between the measured and the simulated function. It is






where N is the number of observations and corresponds to the number of entries in the
ACF. The error is calculated for ACFs for a maximum distance of 300 µm. MSE ranges
from 0 to 1 with 0 indicating the smallest and 1 the largest difference between simulation
and experiment. For all chosen Rexcl and corresponding σ the MSE had a value in the
order of 10−4.
5.2 Results - Spatial arrangement of osteons
From the experimental and simulated images the autocorrelation function and the short-
est distance distribution are calculated in order to quantify the spatial arrangement of
osteons in bone. The different anatomical directions in the radius (see Figure 2.8 for the
definition of bone names) do not show distinguishable ACFs (not shown) considering the
error bars of the measurement. Therefore only the averaged ACF is considered for the
radius. The analysis of the cranial and lateral location in the metacarpal bone of the
horse showed clear differences. Their first minimum of the ACF is almost identical. Yet
the slope of the ACF from the first minimum to the following maximum is steeper for
the cranial direction than for the lateral direction. This results in a lower first maximum
occurring at a smaller distance.
In the simulation the exclusion radius and the standard deviation are varied. The ACF
of the lateral location of the metacarpus in the horse show good agreement with the
simulated ACF when an exclusion radius of approximately three times the canal radius
(Rca = 28.14µm) is chosen. The corresponding standard deviation of the exclusion radii
is 0.58 · Rca (Figure 5.4, left). The simulation, however, predicts a slightly deeper first
minimum than measured experimentally. The same exclusion radius of the lateral loca-
tion is obtained for the ACF of the averaged three locations (medial, lateral and cranial)
in the horse radius. Yet its standard deviation is larger and is 1.4 · Rca. Finally, the
best agreement with the experimental ACF for the cranial location of the metacarpal
is obtained by choosing the same small standard deviation as for the lateral location
(σ = 0.58 ·Rca), but with an exclusion radius of only 2.18 ·Rca.
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Figure 5.4: Left: Zoom of the simulated ACF that fits best the experimental ACF is
plotted as a continuous line. The experimental ACF is in black and error
bars denote the standard deviation. In the small inset the entire range of
ACF demonstrates the good agreement between experiment and simulation.
Right: Comparison of experimental and simulated SDD of the lateral location
in the horse bone.
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The simulated images are also evaluated with respect to the SDDs. With the same values
of Rexcl and σ good agreement of the experimental and simulated SDD is achieved. In
Figure 5.4 right the SDDs are shown. The larger order in the osteonal arrangement of
the lateral part of the horse metacarpal (middle) compared to the cranial part (bottom)
is reflected by a slightly narrower SDD. The bone material in the lateral location is thus
on average closer to a blood vessel than in the cranial cortical bone. All the experimen-
tally obtained SDDs of the osteonal arrangement lie between the extreme cases of a fully
ordered quadratic arrangement and a random arrangement of the canals.
5.3 Discussion
In this study the arrangement of osteons in compact bone of horses were detected and
quantified. The theoretical model illustrates how the observed order in the canal ar-
rangement can be explained by introduction of an exclusion zone. Only poor agreement
could be obtained between experiment and simulation when assuming a single value of
the exclusion radius. It was necessary to introduce some degree of variability into the
model by assuming a normal distribution of the exclusion radii.
The physiologic interpretation of the exclusion radius would be that a new osteon could
be created in an area as long as this area is not already well supplied by an existing
osteon (i.e. within the so-called exclusion radius). Such a mechanism could produce
a partly ordered arrangement of canals in a self-organized way. A simple biological
mechanism for creating such an exclusion zone would be an inhibitory signaling factor,
which migrates into the bone from the canal and would therefore exhibit a decreasing
concentration gradient as the distance from the canal increases. Such factors have been
proposed already in bone, for example the effect of proteins (called sclerostin) in con-
trolling the final size of the canal [152]. A larger exclusion radius would correspond to a
stronger source of the inhibitory factor at the canal.
The variability of the exclusion zone could be partly the result of the large variability
in the size of the canals. Other factors that are not included in our simple model could
also modify the size of the exclusion zone, for instance, differences in osteon size. While
the size of the osteon is determined by the action of osteoclasts, the diameter of the
canal results from the infilling of the osteoblasts. The model does not account for any
interplay between the different bone cells.
Based on this model, the limit of introducing too much order in the canal arrangement
by increasing the exclusion radius is that it becomes more and more difficult to find
an allowed region for creating a new osteon. Similar self-organizing processes on larger
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scales leading to patterning of a collection of organisms are observed in many other sys-
tems in nature. The observed order can be explained by a combination of attractive and
inhibitory factors. Examples include the patterning seen in vegetation in arid regions
[153], of tree density in boreal forest landscapes [154], the self-organization of nests of
the African fish tilapia [155] and in the pattern formation within mussel beds [156].
The main limitation of the analysis of the spatial arrangement of osteons is the rather
small number of samples (three images per anatomical location of the radius of two
horses and metacarpal of one horse). Therefore from general conclusions about the or-
der of canals in different bones has to be abstained. To draw specific firm conclusions
about intraindividual, interindividual and interspecies differences, more samples have to
be analyzed.
The limitations of the computational model is that once canals are placed in the model
they are fixed and cannot be removed by further remodeling events. Running time de-
pendent simulations, which introduce more realistic dynamics of bone remodeling, could
show how the ordering of canals varies with time.

6 Conclusions
In this thesis different influences on the mineralization and the remodeling process were
investigated and quantified. Starting with the bone mineralization density distribution
(BMDD), which is the result of these two processes, it could be shown that the measure-
ment process has only a minor effect on the width of the BMDD, once the acquisition
time is t > 100 s. The resulting corrected BMDD of this study is a bit narrower than
the BMDD used until now. Also the averaging of the 52 measured BMDDs which is
performed to obtain the reference BMDD, changed the width only to a small extend. In
the entire study the peak position remained unchanged. Therefore it can be concluded
that the reference BMDD was confirmed as good tool to diagnose bone diseases.
In the following the BMDD model [14] was modified in such a way that the effect
of an increased/decreased mineralization process on the BMDD could be investigated.
The obtained effects on the BMDD were compared to effects resulting from a de-
creased/increased remodeling process. The outcome of this study was that it is difficult
to distinguish which effect causes the changes in the BMDD. For example, when the
BMDD shifts to lower mineral contents then in both simulations, i.e. decreased mine-
ralization and increased remodeling, the BMDD becomes more heterogeneous. For a
right shift both simulations reveal more homogeneous distributions. The only significant
difference between the two processes on the BMDD lies in the time evolution. For a
left shift an increased remodeling rate reaches faster a steady state, while this is the
case for the mineralization process when the BMDD shifts to the right. A suggestion
to distinguish these effects with qBEI would be to make additional measurements at a
later time point, if possible.
The mineralization process could be quantified in the living animal by evaluation of
micro-computed tomography images. The evaluation showed that the mineralization
process is faster in newly formed than in quiescent bone. This is in agreement with
proposed theories in literature and further confirms the mineralization law which was
obtained by solving the BMDD model [14]. Furthermore it could be demonstrated that
the mechanical stimulus on the bone accelerates the mineralization process. For the
first time it could be shown in vivo that bone demineralizes before it gets resorbed. In
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conclusion micro-computed tomography is a remarkable new method to study dynamic
processes in bone.
In the last section of this thesis the spatial arrangement of osteons was studied in the
cortical bone of horses. The study was a combination of image analysis and computer
simulation. It was found that the canals of the osteons are partially ordered. The ob-
served order could be reproduced by a computer simulation using an exclusion radius
in which the new osteons are unlikely to be formed in the close vicinity of another one.
Furthermore the found order in the bone could be related to a physiological interpreta-
tion. A new osteon could be created in an area as long as this area is not already well
supplied by an existing osteon. The proposed analysis method shows an approach of how
static images of bone and its osteonal arrangement can be used to obtain information
about how the remodeling process is controlled.
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